P450s in the biosynthesis of diterpenoid phytoalexins in rice by Wang, Qiang
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2010
P450s in the biosynthesis of diterpenoid
phytoalexins in rice
Qiang Wang
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Biochemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Wang, Qiang, "P450s in the biosynthesis of diterpenoid phytoalexins in rice" (2010). Graduate Theses and Dissertations. 13222.
https://lib.dr.iastate.edu/etd/13222
  
P450s in the biosynthesis of diterpenoid phytoalexins in rice 
by 
Qiang Wang 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
 
 
Major: Plant Biology 
Program of Study Committee: 
Reuben J Peters, Major Professor 
Guru Rao 
Alan Myers 
Eve Syrkin Wurtele 
David Hannapel 
 
 
Iowa State University 
Ames, Iowa 
2010 
Copyright © Qiang Wang, 2010. All rights reserved. 
ii 
 
 
TABLE OF CONTENTS 
List of Abbreviations iv 
Chapter I: General introduction 1 
Rice Phytoalexins 1 
Terpenoid 2 
Cytochrome P450 4 
Metabolic Engineering of Terpenoid 6 
Plant Gene Cluster 8 
References 10 
Figure 13 
Chapter II: CYP99A3: Functional identification of a diterpene oxidase from the 
momilactone biosynthetic gene cluster in rice 17 
Abstract 17 
Introduction 18 
Results 20 
Discussion 24 
Experimental procedures 27 
Acknowledgements 32 
References 32 
Figures 35 
Supporting information 41 
Chapter III: CYP76M7 is an ent-cassadiene C11-hydroxylase defining a second 
multifunctional diterpenoid biosynthetic gene cluster in rice 50 
Abstract 50 
Introduction 51 
Results 54 
Discussion 60 
Material and methods 65 
Acknowledgements 74 
References 74 
Figure 78 
Chapter IV: Characterization of CYP76M5-8 indicates metabolic plasticity within a 
plant biosynthetic gene cluster 82 
Abstract 82 
Introduction 83 
Results 86 
Discussion 91 
Methods 98 
Acknowledgements 103 
References 104 
Figures 107 
iii 
 
 
Supporting information 113 
Chapter V: Characterization of a kaurene oxidase homolog CYP701A8 with a role in 
diterpenoid phytoalexin biosynthesis and identification of oryzalexin E biosynthesis 129 
Abstract 129 
Introduction 130 
Results 132 
Discussion 135 
Methods 139 
References 144 
Figure 147 
Chapter VI: Functional identification of CYP71Z6&7 in biosynthesis of diterpenoid 
phytoalexins in rice 159 
Abstract 159 
Introduction 159 
Results 160 
Discussion 161 
Methods 163 
References 165 
Figure 167 
Chapter VII: Exploration of potential P450s involved in later oxidative steps of 
momilactone biosynthesis 170 
Abstract 170 
Introduction 170 
Results 172 
Discussion 173 
Methods 173 
Reference 175 
Figure 176 
Chapter VIII: Conclusion and future direction 179 
References 186 
Figure 188 
 
iv 
 
 
List of Abbreviations 
CPP 
CPS 
CPR 
CYP 
CO 
Da 
DMAPP 
DXP 
FPP  
GA  
GC 
GC-FID 
GC-MS  
GPP 
GGPP 
GST 
HPLC 
IPP 
KO 
KOL 
KS 
KSL  
LC-MS 
MeJA 
copalyl diphosphate 
copalyl diphosphate synthases 
cytochrome P450 reductase 
cytochromes P450 
carbon monoxide 
dalton 
dimethylallyl pyrophosphate 
1-Deoxy-D-xylulose-5-phosphate 
farnesyl diphosphate 
gibberellin 
gas chromatography 
gas chromatography-flame ionization detector 
gas chromatography-mass spectrometry 
geranyl diphosphate 
geranylgeranyl diphosphate 
glutathione S-transferase 
high performance liquid chromatography 
isopentenyl pyrophosphate 
kaurene oxidase 
kaurene oxidase like 
kaurene synthase 
kaurene synthase-like 
liquid chromatography-mass spectrometry 
methyl jasmonate 
v 
 
 
MEP  
MEV 
MW 
NADPH 
ORF 
TMS 
UV 
2-Methyl-D-erythritol-4-phosphate  
mevalonate 
molecular weight 
nicotinamide adenine dinucleotide phosphate, reduced 
open reading frame 
trimethylsilyl 
ultraviolet
 
1 
 
 
Chapter I: General introduction 
Rice Phytoalexins  
                    Plant produces over 100,000 diverse low molecular mass natural products, or 
secondary metabolites. Natural products accumulate in low content in plants and are involved 
in defense reactions. Because of diverse bioactivity, natural products are widely applied 
directly or as leading compounds for new drug development. Among natural product are 
phytoalexins, which are antimicrobial substances synthesized de novo by plants that 
accumulate rapidly at areas of pathogen infection with broad inhibition spectrum and have 
diversely chemical structures (VanEtten et al. 1994). 
          Rice is the single most important source of human food, providing ~20% of our caloric 
intake worldwide (FAO 2004). Unfortunately, 10-30% of the global rice harvest is lost every 
year because of various microbial infections, with much of the loss resulting from the blast 
disease caused by the fungal pathogen Magnaporthe grisea (Talbot 2003).  Rice produces six 
groups of phytoalexins in response to pathogen infection, including sakuranetin, 
momilactone A and B, oryzalexin A-F, phytocassane A-E, and oryzalexin S, oryzalide 
(Peters 2006) (Figure 1). All of these phytoalexins except sakuranetin as flavonoid belong to 
labdane-related diterpenoid family. These diterpenoid phytoalexins have been demonstrated 
to accumulate in rice plant in response to treatment of oligosaccharide from blast fungi cell 
wall and MeJA or UV irradiation, as well as pathogen infections (Cartwright et al. 1981; Ren 
and West 1992; Nojiri et al. 1996). Rice produces diterpenoid phytoalexin not only in aerial 
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parts, but also in roots (Toyomasu et al. 2008). Additionally, momilactone B also has 
allelopathic activity besides antimicrobial function (Kato-Noguchi et al. 2002).  
Terpenoid 
          There are over 50,000 terpenoid or terpene in nature, commonly found in plants. 
Terpenoids are widely applied as flavoring agents, pharmaceuticals, plant hormone, 
insecticides and anti-microbial agents. All terpenoids are derived biosynthetically from five 
carbons’ isoprene. The isoprene units may be linked together "head to tail" to form linear 
chains and rearranged to form rings of terpenoids following isoprene rule or C5 rule 
(Ruzicka 1994). Terpenoids are classified by the number of isoprene units in the molecule: 
C5 hemiterpenoid, C10 monoterpenoid, C15 sesquiterpenoid, C20 diterpenoid, C30 
triterpenoid, C40 tetraterpenoid and polyterpenoid containing more than 40 carbon atoms.  
          Terpenoid biosynthesis uses the activated form of isoprene, isopentenyl pyrophosphate 
(IPP) and dimethylallyl pyrophosphate (DMAPP) as building units. Two distinct pathways 
produce IPP: MEV (Mevalonate) pathway is present in cytosol of eukaryotes and begins with 
the conversion of three molecules of acetyl-CoA to mevalonate through acetoacetyl-CoA and 
3-hydroxy-3-methylglutaryl-CoA, following sequential phosphorylation and decarboxylation 
of memevolanote to produce IPP; MEP (2-Methyl-D-erythritol-4-phosphate) pathway, also 
called DXP (1-Deoxy-D-xylulose-5-phosphate) pathway, is found in prokaryotes and plastids 
of plants, which uses pyruvate and glyceraldehydes-3-phosphate to form DXP and rearrange 
into MEP to produce IPP through 7 steps reactions. In both pathways, IPP is isomerized to 
DMAPP by the enzyme isopentenyl pyrophosphate isomerase (Figure 2). 
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          Beginning with DMAPP and IPP, prenyltransferase catalyzes the head to tail 
condensation to produce the direct precursors of terpenoid, geranyl diphosphate (GPP, C10), 
farnesyl diphosphate (FPP, C15), geranylgeranyl diphosphate (GGPP, C20), or the head to 
head condensation of two FPPs or GGPPs to form squalene or phytoene respectively, 
precursors of triterpenoid and tetrapenoid. Cyclization of these linear precursors is carried 
out by terpenoid synthase to form vast number of cyclic terpenoids with structural variety 
following complex elaboration (Figure 2).  
          Rice produces many labdane-related diterpenoid including five groups of diterpenoid 
phytoalexins and the gibberellin (GA) phytohormones. Biosynthesis of these diterpenoid 
phytoalexins is characteristically initiated by sequential cyclization reactions catalyzed by 
mechanistically distinct, yet phylogenetically related diterpene synthases. Firstly, cyclization 
of universal diterpenoid precursor, GGPP, is catalyzed by class II diterpene cyclases, 
typically labdadienyl/copalyl diphosphate (CPP) synthases (CPS), including syn-CPS 
(OsCPS4) and ent-CPS (OsCPS 1&2) (Prisic et al. 2004; Xu et al. 2004). Secondly, this 
bicyclic intermediate CPP gets further cyclization catalyzed by class I diterpene synthases, 
which are sometimes termed kaurene synthase-like (KSL) because of their similarity to the 
corresponding enzyme, kaurene synthase (KS), in GA biosynthesis. The cyclized products of 
OsKSL from CPP are diterpene olefins, some of which are putative precursors of diterpenoid 
phytoalexins. Specifically, syn- diterpene olefins are converted from syn-CPP, including syn-
pimaradiene (precursor of momilactone A&B), syn-stemarene (precursor of oryzalexin S) 
and syn-stemodene, produced by OsKSL4, OsKSL8 and OsKSL11 respectively (Nemoto et 
al. 2004; Wilderman et al. 2004; Morrone et al. 2006); ent- diterpene olefins include ent-
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pimaradiene, ent-isokaurene (precursor of oryzalide), ent-cassadiene (precursor of 
phytocassane A-E) and ent-sandaracopimaradiene (precursor of oryzalexins A-F) besides 
ent-kaurene (precursor of GA), all of which are cyclized from ent-CPP by OsKSL5, OsKSL6, 
OsKSL7 and OsKSL10 respectively (Cho et al. 2004; Otomo et al. 2004; Xu et al. 2007). 
The biosynthesis of these labdane-related diterpenoid phytoalexins has been partially 
clarified from GGPP to diterpene olefins as described above and summarized in Figure 3, but 
the downstream pathways from the inactive diterpene olefin precursors to bioactive 
diterpenoid natural products have not been identified. Cytochrome P450 monooxygenases 
(CYP) has been suggested to be able to insert oxidative moieties into diterpene olefin to 
produce bioactive diterpenoid phytoalexins (Kato et al. 1995).  
Cytochrome P450 
          First discovered in liver microsomes, cytochrome P450s derive their name from the 
characteristic Soret absorption maximum around 450 nm in carbon monoxide difference 
spectra of reduced preparations. These P450s are heme-thiolate enzymes that activate 
dioxygen to catalyze the oxidation of unactivated hydrocarbons (i.e., RH + O2 +2H
+
 + 2e
-
 → 
ROH + H2O) (Hamdane et al. 2008). P450s are ubiquitous and found in most organisms, the 
substrates of which include metabolic intermediates such as lipids, steroidal hormones as 
well as xenobiotic substances such as drugs. Based on their amino acid sequence identity, 
P450s are named and a specific family shares 40% sequence identity and 55% or greater 
sequence identity is shared within a subfamily (Hamdane et al. 2008). Five kinds of P450s 
are classified based on their redox partners: Class I P450s receive electron from ferredoxin 
and commonly are found in bacteria and eukaryotic mitochondrial membranes; Class II 
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P450s are most popular and found in ER membrane of eukaryotes, which need NADPH-
dependent cytochrome P450 reductase (CPR) for electron transfer. Class III P450s use 
cytochrome b5 as electron transfer partner. Class IV P450s are fused into a single polypeptide 
with CPR and self-sufficient for electron transfer. Class V P450s accept electron directly 
from NADPH and don’t need electron partner. P450s mediate their oxidative reactions 
largely by simply appropriately positioning the organic substrate molecule relative to the 
heme-thiolate iron, then forming the reactive iron-oxygen species that perform the actual 
chemical reaction. 
          The study of P450s has depended heavily on the recombinant expression of individual 
forms in heterologous systems such as bacteria, yeast, baculovirus-infected insect cell, and 
mammalian cell culture. Indeed, identification of the amorphadiene oxidase was initially 
accomplished with recombinant expression in Saccharomyces cerevisiae (Ro et al. 2006), 
which is considered more amendable to functional P450 expression. But for engineering 
studies of P450s, the bacteria expression system is preferred because of its facile 
manipulation and potential for industrialization. It was discovered in the early 1990s that 
some modification of the P450 amino acid sequence was required to facilitate expression of 
significant amounts of recombinant hemoprotein in bacteria (Barnes et al. 1991). In particular, 
modification of the N-terminal region of these P450s was carried out, in some cases, re-
coding the entire gene (through synthesis) to optimize codon usage for expression in bacterial 
host (Chang et al. 2007). Accordingly, a number of P450s have been successfully expressed 
in E.coli (Scott et al. 2001). Additionally, successful metabolic engineering of P450s have 
been reported recently by expressing complete terpenoid biosynthetic pathways including 
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P450s in E.coli (Chang et al. 2007). These reports also indicated that it is necessary to co-
express a suitable cytochrome P450 reductase redox partner (i.e., from the same or related 
plant species) for correct P450 activity in E. coli. Rice genome has over 350 P450 genes, 
some of which have been suggested to be involved in diterpenoid biosynthesis including GA 
and momilactone (Shimura et al. 2007; Ko et al. 2008), however, biochemical 
characterization of P450s involved in biosynthesis of diterpenoid phytalexins in rice has not 
been reported and could be carried out through metabolic engineering. 
Metabolic Engineering of Terpenoid 
          Terpenoids are widely used in industry and pharmacy, but their sources are limited. 
Although some terpenoids are produced in large quantities from natural sources (essential oil, 
resins and waxes, etc.), high-value terpnoid products are often found in low abundance 
naturally. For example, two antitumor diterpenoids, paclitaxel and eleutherobin, constitute 
only 0.01-0.02% extraction yield from their original sources, which limits their production 
ecologically (Kingston 1994; Long et al. 1998).  Total chemical synthesis of these valuable 
terpenoids needs complex processing and has extremely low yield that is not commercially 
feasible (Maimone and Baran 2007). Metabolic engineering provides a systematic approach 
to produce terpenoids renewably and environmentally friendly. Terpenoid production 
through metabolic engineering of whole plant or plant cell culture is effective but with many 
limitations, for instance, inherent complicated terpenoid biosynthetic pathways and 
regulation, unstable yield over time and easily contaminated (Gantet and Memelink 2002; 
Tabata 2004; Lange 2006; Liu et al. 2006). Microbial metabolic engineering system has 
7 
 
 
similar advantages and overcomes those disadvantages of plant cell metabolic engineering 
system, which has been developed successfully with high yield (Cyr et al. 2007).  
          Microbial metabolic engineering of mostly uses E.coli or S. cerevisiae to express 
heterologous enzymes for terpenoid production. Major effort has focused on manipulation of 
MEP or MEV pathway to provide more terpenoid precursors, IPP and DMAPP (Morrone et 
al. 2010b). Modulation and optimization of prenyltransferase and terpenoid synthase also 
have been studied (Wang et al. 1999). Our lab has developed a modular microbial metabolic 
engineering system to produce labdane-related diterpenoid in E.coli (Cyr et al. 2007). Three 
groups of enzymatic genes are introduced, a GGPP synthase, a class II ditepene cyclase (CPP 
synthase) to produce the biocyclic pyrophosphate intermediate characteristic of labdane-
related diterpenoid biosynthesis, and a subsequently acting class I diterpene synthase that 
produces diterpene olefin. Using a duet gene expression vector, three base vectors were 
created: pGGeC, pGGsC, pGGnC, which carry genes of GGPP synthase and ent-, syn-, or 
normal CPP synthase respectively. Class I diterpene synthase gene is recombined into 
various destination vectors through Gateway system. Combining with manipulation of MEP 
or introduction of yeast MEV pathway, this modular metabolic engineering system can 
produce labdane-related diterpene olefin with over 100mg/L yield (Morrone et al. 2010b) 
(Figure 4). Our modular metabolic engineering could produce sufficient diterpene olefins in 
metabolic flux to be substrate for P450s characterization; however, over 350 P450s in rice as 
mentioned above are impossible to be tested through metabolic engineering because of too 
many combinations.  
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Plant Gene Cluster 
          Gene clusters, or operons, exist widely in prokarytotic genomes, in which genes with 
related functions are physical clustering and co-regulated. Conversely, genes of multicellular 
eukaryotic organisms are considered to essentially randomly distribute in genomes. However, 
functional gene clusters also have been demonstrated in eukaryotes, which have operon-like 
features (physical clustering and co-regulation), but are not transcribed as a single mRNA. A 
few examples of gene cluster were identified in plants, the cyclic hydroxamic acid (DIBOA) 
pathway in maize (Frey et al. 1997), triterpenoid biosynthetic gene clusters in oats and 
Arabidopsis (Qi et al. 2004; Field and Osbourn 2008), and diterpenoid biosynthetic gene 
clusters in rice (Prisic et al. 2004; Wilderman et al. 2004; Shimura et al. 2007). These gene 
clusters might evolved from gene duplication and acquisition of new function following 
genome reorganization selected by evolutionary pressure to adapt different environmental 
conditions, but the real evolutionary mechanism and implication remain unclear.  
          Although functional gene clusters have been found in plants, most plant genes are not 
assembled to be functional units. Gene duplication is ubiquitous and the primary 
evolutionary force to develop new gene functions for secondary metabolism in plant. 
Segment duplication and polyploidization in plant cause duplicated gene loci widely. 
Arabidopsis and rice have up to 90% and 62% duplicated gene loci respectively (Bowers et 
al. 2003; Moore and Purugganan 2005). Gene diversification in duplicated gene loci develops 
by accumulation of mutations at gene regulatory and coding regions, which are selected by 
evolutionary pressure to result in redundancy, pseudogenization, sub- or neo-
funcationalization. Sub-functionalization also is divided to partially or completely redundant 
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functionalization in comparison to original gene, most times caused by different expression 
patterns. Neo-functionalization includes regulatory or coding or mixed functionalization, 
which could evolve on a single gene with sub-functionalization. While a few operon-like 
functional gene clusters have been reported in plants as above, tandem gene clusters evolved 
from duplicated gene loci are still the primary gene source for plant metabolism. However, 
the evolutionary mechanism and gene function of most tandem gene duplication units remain 
unclear. 
          As mentioned above, one gene cluster has been reported to be involved in momilactone 
biosynthesis, which is located on chromosome 4 of rice and includes two diterpene synthase 
genes (OsCPS4 and OsKSL4) and two P450 genes (Wilderman et al. 2004). These two P450s 
(CYP99A2&3) were suggested to be involved in momilactone biosynthesis by RNAi 
investigation but lack of biochemical evidence (Shimura et al. 2007). Based on gene mapping, 
another gene cluster is found to be located on chromosome 2 in rice and includes four 
diterpene synthase genes (OsCPS2, OsKSL5, 6&7) and six P450 genes (Prisic et al. 2004), 
some of which exhibited inducible expression pattern in response to elicitation and could be 
involved in biosynthesis of diterpenoid phytoalexins (Okada et al. 2007). Additionally, a 
tandem gene cluster related to GA biosynthesis was reported on rice chromosome 6 and 
included five P450 genes, two of which could be involved in diterpenoid phytoalexins 
biosynthesis (Itoh et al. 2004). In this thesis, I focused on these gene clusters or tandem gene 
repeat and chose those co-clustered P450s to be candidates for biochemical characterization 
of downstream pathway of rice diterpenoid phytoalexin biosynthesis through metabolic 
engineering. 
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FIGURE 
Figure 1: Diterpenoid phytoalexins in rice. 
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Figure 2: Schematic illustration of biosynthetic pathways to terpenoids. 
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Figure 3: Functional map of rice diterpenoid biosynthesis. 
The cyclases and corresponding reactions are indicated, along with the downstream natural 
products, where known. Thicker arrows indicate enzymatic reactions specifically involved in 
GA metabolism; dashed arrows indicate multiple enzymatic reactions. 
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Figure 4: Diterpene production through modular metabolic engineering. 
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Chapter II: CYP99A3: Functional identification of a diterpene oxidase 
from the momilactone biosynthetic gene cluster in rice 
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ABSTRACT 
 Rice (Oryza sativa) produces momilactone diterpenoids as both phytoalexins and 
allelochemicals. Strikingly, the rice genome contains a biosynthetic gene cluster for 
momilactone production, located on rice chromosome 4, which contains two cytochromes 
P450 mono-oxygenases, CYP99A2 and CYP99A3, with undefined roles; although it has 
been previously shown that RNAi double knock-down of this pair of closely related CYP 
reduced momilactone accumulation. Here we attempted biochemical characterization of 
CYP99A2 and CYP99A3, which ultimately required complete gene recoding to enable 
functional recombinant expression. With these constructs it was possible to demonstrate that, 
while CYP99A2 does not exhibit significant activity with diterpene substrates, CYP99A3 
catalyzes consecutive oxidations of the C19 methyl group of the momilactone precursor syn-
pimara-7,15-diene to form, sequentially, syn-pimaradien-19-ol, syn-pimaradien-19-al and 
syn-pimaradien-19-oic acid. These are presumably intermediates in momilactone 
biosynthesis, as a C19 carboxylic acid moiety is required for formation of the core 19,6--
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lactone ring structure. We further were able to detect syn-pimaradien-19-oic acid in rice 
plants, which indicates physiological relevance for the observed activity of CYP99A3. In 
addition, we found that CYP99A3 also oxidized syn-stemod-13(17)-ene at C19 to produce, 
sequentially, syn-stemoden-19-ol, syn-stemoden-19-al and syn-stemoden-19-oic acid, albeit 
with lower catalytic efficiency than with syn-pimaradiene. Although the CYP99A3 syn-
stemodene derived products were not detected in planta, these results nevertheless provide 
the first hints towards the unknown metabolic fate of this diterpene in rice. Regardless of any 
wider role, our results strongly indicate that CYP99A3 acts as a multifunctional diterpene 
oxidase in momilactone biosynthesis.  
INTRODUCTION  
 Rice is the single most important source of human food, providing ~20% of our 
caloric intake worldwide (FAO 2004). Unfortunately, 10-30% of the global rice harvest is 
lost every year to various microbial infections, with much of the loss resulting from the blast 
disease caused by the fungal pathogen Magnaporthe grisea (Talbot 2003). Rice produces a 
number of antimicrobial natural products in response to infection by M. grisea (Peters 2006), 
with the first such phytoalexins to be identified being momilactones A and B (Cartwright et 
al. 1981). These diterpenoid natural products had previously been reported to act as plant 
growth inhibitors (Kato et al. 1973), and more recent work indicates that the momilactones 
are constitutively secreted from the roots (Kato-Noguchi and Ino 2003). Thus, the 
momilactones may also act as allelochemicals as well as phytoalexins, and such dual activity 
would presumably provide increased selective pressure for their production.  
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 With the sequencing of the rice genome (Project 2005), it has been possible to take a 
functional genomics approach towards elucidating the biosynthetic machinery underlying the 
diterpenoid metabolism of this plant species (Peters 2006). In particular, momilactones A and 
B (Figure 1), along with many other rice phytoalexins, are representatives of the labdane-
related diterpenoid super-family of natural products, whose characteristic biosynthetic feature 
is an initial pair of sequential cyclization reactions. In particular, bicyclization of the 
universal diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP) by 
copalyl/labdadienyl diphosphate synthases (CPS), which is followed by further cyclization 
and/or rearrangement to a polycyclic olefin catalyzed by enzymes often termed kaurene 
synthase like (KSL) for their relationship to the presumably ancestral kaurene synthase from 
gibberellin phytohormone metabolism. Production of the bioactive diterpenoid phytoalexins 
then further requires the action of cytochrome P450 (CYP) mono-oxygenases, as well as 
subsequently acting short chain alcohol dehydrogenases/ reductases (SDR).  
 Surprisingly, it has been reported that there are two clusters of diterpenoid 
phytoalexin biosynthetic genes in the rice genome, which is an unusual occurrence in plants. 
It was first reported that the co-regulated (i.e., inducible) syn-CPP producing OsCPS4 and 
subsequently acting syn-pimara-7,15-diene synthase OsKSL4 involved in momilactone 
biosynthesis are found close together on chromosome 4 (Wilderman et al. 2004). Later work 
then demonstrated the neighboring CYP99A2, CYP99A3, and SDR (OsMAS), also are co-
regulated and involved in momilactone biosynthesis (Figure 2); although the relevant 
biochemical function was only defined for the SDR, with an undefined role(s) for the CYP 
indicated by greatly reduced momilactone production in lines wherein RNAi had been used 
to knock-down transcription of both CYP99A2 and CYP99A3 (Shimura et al. 2007). 
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Similarly, there is a CPS, KSL, and CYP containing gene cluster on chromosome 2, which 
contains the ent-CPP producing OsCPS2 and subsequently acting ent-cassa-12,15-diene 
synthase OsKSL7 (Prisic et al. 2004), as well as ent-cassadiene 11-hydroxylase CYP76M7 
(Swaminathan et al. 2009).  
 Here we report functional identification of CYP99A3 as a diterpene oxidase that 
reacts with syn-pimaradiene to transform C19 from a methyl to carboxylic acid, forming syn-
pimaradien-19-oic acid, which presumably is an early intermediate in momilactone 
biosynthesis. In addition, CYP99A3 carries out the same series of reactions to form a C19 
carboxylic acid with syn-stemod-13(17)-ene, providing the first evidence for the unknown 
metabolic fate of this diterpene in rice.  
RESULTS 
Functional recombinant expression 
 In our initial attempts to functionally characterize the role of CYP99A2 and 
CYP99A3 in momilactone biosynthesis, we started by obtaining the corresponding full-
length clones from the rice cDNA database (Kikuchi et al. 2003). Unfortunately, despite 
testing a variety of diterpene olefin substrates in addition to the syn-pimaradiene made by the 
co-clustered OsCPS4 and OsKSL4 (i.e., all those known to be made by rice: syn-stemodene, 
syn-stemarene, ent-sandaracopimaradiene, ent-cassadiene, ent-isokaurene, ent-pimaradiene, 
and ent-kaurene), we were unable to detect any enzymatic activity with these native gene 
sequences upon recombinant expression in insect (Spodoptera frugiperda) cell culture or 
bacteria (Escherichia coli) as full-length clones, even with co-expression and/or 
supplementation with a rice CYP-NADPH reductase (OsCPR1) to provide the necessary 
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reducing equivalents. Nor was activity observed with N-terminally modified native 
CYP99A2 and CYP99A3 constructs designed on the basis of our previous functional 
bacterial expression of plant CYP (Swaminathan et al. 2009; Morrone et al. 2010), 
specifically with the N-terminal membrane anchor region replaced by a lysine and serine rich 
leader peptide, and co-expressed in E. coli with OsCPR1.  
 It has been reported that codon optimization improves activity in recombinant 
bacterial expression of plant CYP (Chang et al. 2007), which we also have observed in our 
own work with the CYP701A3 ent-kaurene oxidase from Arabidopsis thaliana (Morrone et 
al. 2010). Accordingly, we synthesized completely recoded genes, codon-optimized for 
expression in E. coli, for both CYP99A2 and CYP99A3 (see Supporting Information for the 
corresponding nucleotide sequences). These were then both N-terminally modified, as 
described above. The CO binding difference spectra of CYP99A2 and CYP99A3 indicated 
that synthetic genes were expressed to form active proteins with absorption at 450nm in 
E.coli, while inactive proteins encoded by native CYP99A2&3 with absorption at 420nm 
(Figure S1). Upon recombinant expression in E. coli the resulting rCYP99A3 clearly 
oxidized syn-pimaradiene to a mixture of three products (Figure 3A), with masses 
corresponding to formation of a diterpenoid alcohol (MW = 288 Da), aldehyde (MW = 286 
Da), and acid (detected as the methyl ester with MW = 316 Da), although only trace 
formation of two putative diterpenoid alcohols (one of which is the same as the alcohol made 
by rCYP99A3) was observed upon feeding syn-pimaradiene to the analogously modified 
rCYP99A2.  
 
Functional analysis 
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 Encouraged by the observation of potentially relevant activity, we turned to our 
modular metabolic engineering system (Cyr et al. 2007), which we have recently shown is 
amendable to co-expression of CYP with not only their CPR redox partner, but also with 
various combinations of diterpene synthases for the production of putative substrates 
(Swaminathan et al. 2009). Accordingly, the ability of rCYP99A2 and rCYP99A3 to react 
with the full range of rice diterpenes was assessed (i.e., those listed above). In addition to the 
syn-pimaradiene oxidase activity already mentioned, we found that rCYP99A3 will similarly 
react with syn-stemodene to produce a mixture of three products, again with masses 
corresponding to formation of a diterpenoid alcohol (MW = 288 Da), aldehyde (MW = 286 
Da), and acid (detected as the methyl ester with MW = 316 Da). We also verified that full-
length synthetic CYP99A3 exhibited analogous activity with both substrates (i.e., syn-
pimaradiene and syn-stemodene), demonstrating that N-terminal modification did not alter 
the observed enzymatic function. However, no activity was observed with rCYP99A2 with 
any of the additionally tested diterpenes.  
 
Product identification 
 Identification of the CYP99A3 products was enabled by straightforward scale-up of 
the metabolic engineered strains that produced the oxygenated diterpenoid products of 
interest, much as previously described (Swaminathan et al. 2009). In particular, increasing 
flux into isoprenoid/terpenoid metabolism leads to overall yields of >10 mg/L of culture 
(Morrone et al. 2010) and, since greater than 80% of the relevant diterpene olefin (i.e., syn-
pimaradiene or syn-stemodene) was oxygenated to some degree (Figure 3), it was possible to 
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produce and purify each of the relevant products in sufficient quantities for structural 
analysis by nuclear magnetic resonance (NMR) spectroscopy. This demonstrated that the 
products of CYP99A3 with both syn-pimaradiene and syn-stemodene were sequentially 
modified (i.e., to an alcohol, aldehyde, and carboxylic acid), at one of their C4 geminal 
methyl groups (Figure S3 and Tables S1-S6). Further analysis of the syn-pimaradienol 
demonstrated that this was in fact the C4 methyl, corresponding to C19, with similar results 
obtained for syn-stemodenol as well (Figure 4).  
 
Enzymatic characterization of rCYP99A3 
 It was possible to measure enzymatic activity in vitro with rCYP99A3. Specifically, 
when rCYP99A3 was co-expressed with OsCPR1, clarified lysates of the resulting 
recombinant bacterial culture were able to efficiently convert either diterpene substrate to the 
corresponding C19 acid. Although the alcohol and aldehyde products were not observed in 
vitro, this is similar to our previous analysis of the analogous methyl to carboxylic acid 
transformation catalyzed by the kaurene oxidase CYP701A3 (Morrone et al. 2010). In any 
case, steady state kinetic analysis carried out with both substrates demonstrated that 
rCYP99A3 exhibited ~2-fold higher catalytic efficiency with syn-pimaradiene than syn-
stemodene (Table 1 and Figure S2).  
 
Physiological relevance of observed CYP99A3 activity 
 The physiological relevance of the observed syn-pimaradien-19-oic acid and syn-
stemoden-19-oic acid end products of CYP99A3 activity were investigated by metabolite 
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analysis of induced and control (uninduced) rice plants. To enable detection by gas 
chromatography with mass spectrometry (GC-MS), organic extracts of rice leaf tissue were 
first fractionated by high-pressure liquid chromatography (HPLC) over a C8 column before 
methylation and subsequent GC-MS analysis. The resulting chromatograms were compared 
with those for the purified CYP99A3 products, which clearly demonstrated that syn-
pimaradien-19-oic acid can be found in induced, but not control, rice plants (Figure 5). 
However syn-stemoden-19-oic acid was not detected in either induced or control rice plants.  
DISCUSSION 
 It has been previously demonstrated that CYP99A2 and/or CYP99A3 have an 
undefined role(s) in production of the momilactone phytoalexins/allelochemicals of rice, 
which helped define an associated biosynthetic gene cluster (Shimura et al. 2007). Intrigued 
by this observation, we undertook biochemical characterization of these CYP guided by the 
hypothesis that at least one should act on the momilactone precursor syn-pimaradiene that is 
produced by the co-clustered OsCPS4 and OsKSL4. Notably, while it has been previously 
reported that codon optimization can improve already observed activity of recombinantly 
expressed plant CYP (Chang et al. 2007; Morrone et al. 2010), our results demonstrate that 
complete gene recoding can lead to activity even when none is observed with the native or 
even partially modified gene. This is particularly evident with CYP99A3, for which good 
activity was observed upon such recoding to optimize codon usage for the desired E. coli 
host. Further, although the similarly recoded CYP99A2 exhibited only trace activity with 
diterpene olefins, the observation that it is capable of hydroxylating syn-pimaradiene at a 
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different position than CYP99A3 leaves open the possibility that CYP99A2 acts later in 
momilactone biosynthesis.  
 The activity exhibited by CYP99A3 with syn-stemodene provides the first evidence 
regarding the currently unknown metabolic fate of this particular labdane-related diterpene in 
rice. In particular, while clearly made by rice (Morrone et al. 2006), syn-stemodene derived 
natural products have not been reported from this plant species. Although the CYP99A3 syn-
stemoden-19-oic acid product was not observed in rice plant extracts, it is possible that the 
ensuing biosynthetic step is highly efficient and does not allow accumulation of this 
particular intermediate. Thus, our results suggest that rice syn-stemodene derived natural 
products may include some in which C19 is a carboxylate or part of a derived structure (e.g., 
lactone ring).  
 Regardless of any putative role in the metabolism of syn-stemodene, the ability of 
CYP99A3 to oxidize C19 of the syn-pimaradiene produced by the co-clustered OsCPS4 and 
OsKSL4 is clearly relevant to momilactone biosynthesis. It has already been demonstrated 
that CYP99A2 and/or CYP99A3 are required for the production of these dual action 
phytoalexins/ allechemicals (Shimura et al. 2007). Further, transformation of C19 from a 
methyl to carboxylic acid as catalyzed by CYP99A3 is required for momilactone 
biosynthesis, specifically prior to formation of the eponymous 19,6--lactone ring (Figure 6). 
Detection of the corresponding syn-pimaradien-19-oic acid in appropriately induced rice 
leaves also is consistent with formation of this metabolite as an intermediate in momilactone 
biosynthesis. Accordingly, our results strongly indicate that CYP99A3 acts as a 
multifunction oxidase early in momilactone biosynthesis.  
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 Production of the momilactones from the syn-pimaradien-19-oic acid produced by 
CYP99A3 presumably proceeds via additional hydroxylation at the C6 position to form the 
19,6--lactone ring, either before or after hydroxylation at the C3 position (Figure 6). The 
corresponding 3-hydroxy-syn-pimaradien-19,6β-olide has been observed (Atawong et al. 
2002), and is converted to momilactone A by OsMAS (Shimura et al. 2007). Momilactone B 
is then presumably formed from momilactone A by C20 hydroxylation and hemi-ketal ring 
closure (Peters 2006). Thus, while CYP99A2 exhibits only trace activity with syn-
pimaradiene, it is possible that this CYP catalyzes one of these later hydroxylation steps in 
momilactone biosynthesis. However, CYP99A2 and CYP99A3 are fairly closely related, 
sharing 84% identity at the amino acid level, and we cannot rule out the possibility that these 
two CYP are redundant or that CYP99A2 is non-functional.  
 In conclusion, regardless of any role for CYP99A2, we provide here clear evidence 
that CYP99A3 acts as a multifunctional oxidase in rice diterpenoid metabolism. In particular, 
consistent with its physical/genomic association with the relevant diterpene synthases, as 
well as previously reported genetic evidence (Shimura et al. 2007), CYP99A3 acts to oxidize 
the C19 methyl group of syn-pimaradiene to the carboxylic acid that is required for lactone 
ring formation in momilactone biosynthesis. In addition, CYP99A3 may also be involved in 
metabolism of the metabolically cryptic syn-stemodene as well. Thus, our results not only 
further clarify momilactone biosynthesis, but also provide some additional insight into the 
complex diterpenoid metabolic network encoded by rice.  
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EXPERIMENTAL PROCEDURES 
General 
 Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Sequence analyses were done with the Vector NTI software package 
(Invitrogen). Determination of the gene map and CYP nomenclature used here has been 
previously described (Swaminathan et al. 2009). GC-MS was performed with a Varian (Palo 
Alto, CA) 3900 GC with Saturn 2100 ion trap mass spectrometer in electron ionization (70 
eV) mode. Samples (1 µL) were injected in splitless mode at 50°C and, after holding for 3 
min. at 50°C, the oven temperature was raised at a rate of 14°C/min. to 300°C, where it was 
held for an additional 3 min. MS data from 90 to 600 m/z were collected starting 12 min. 
after injection until the end of the run. Samples were routinely resuspended in diazomethane-
saturated hexane to methylate carboxylic acid groups for GC-MS analysis, with the 
diazomethane generated by addition of KOH to diazald and collected in a hexane trap (Ngan 
and Toofan 1991). HPLC was carried out with an Agilent 1100 series instrument equipped 
with fraction collector and diode array detector.  
 
Recombinant constructs 
 The native genes for CYP99A2 and CYP99A3 were obtained from the KOME rice 
cDNA database (GenBank accessions AK071546 and AK071864, respectively). These were 
transferred into the Gateway vector pENTR/SD/D-TOPO, verified by complete sequencing, 
and then recombined into the insect cell expression vector pDEST8. CYP99A2 and 
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CYP99A3 were also completely recoded to optimize codon usage for E. coli expression via 
gene synthesis (Genscript). N-terminal modification of both native and synthetic genes was 
carried out via a two-stage PCR process, first removing 34 or 35 codons (for CYP99A2 and 
CYP99A3, respectively) from the 5' end of the open reading frame, and then adding ten new 
codons (encoding the amino acid sequence “MAKKTSSKGK” using the codon optimized 
sequence “ATG GCG AAA AAA ACC AGC AGC AAA GGT AAA”), with the resulting 
construct cloned back into pENTR/SD/D-TOPO and verified by complete sequencing. For 
recombinant bacterial expression the resulting modified and full length genes, both native 
and synthetic, were then recombined into the DEST cassette of a pCDF-Duet (Novagen) 
vector carrying a DEST cassette in its first multiple cloning site and OsCPR1 in its second 
multiple cloning site, which has been previously described (Swaminathan et al. 2009).  
 
Recombinant expression 
 Recombinant baculoviruses were constructed as previously described (Swaminathan 
et al. 2009), starting from pDEST8 constructs, and used to express CYP99A2 and CYP99A3 
in Sf21 insect cells. Microsomes or lysates were isolated from these recombinant cell cultures, 
and used for in vitro assays, again as previously described (Swaminathan et al. 2009). After 
incubation at 28°C for 6 hours, the reaction mixture was extracted thrice with an equal 
volume of ethyl acetate. The organic extract was dried under a gentle stream of N2 gas, and 
dissolved in hexane for GC-MS analysis.  
 CYP99A2 and CYP99A3 were recombinantly expressed in E. coli using our 
previously described modular diterpene metabolic engineering system (Cyr et al. 2007). 
Specifically, we co-expressed these CYP from the OsCPR1 co-expression constructs 
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described above, with a GGPP synthase and CPS carried on co-compatible pGGxC vectors, 
and KSL expressed from the additionally co-compatible pDEST14 or pDEST15 (i.e., for 
expression as a fusion to GST). Enzymatic products were extracted from cultures by hexane 
and analyzed by GC-MS. In every case, the expected diterpene olefin product (i.e., given the 
co-expressed diterpene synthases) was observed.  
 
Diterpenoid production 
 The novel enzymatic products were obtained in sufficient amounts for NMR analysis 
by increasing flux into isoprenoid metabolism and scaling up culture growth. Specifically, 
the pMBI vector encoding the bottom half of the mevalonate dependent isoprenoid precursor 
pathway, which is co-compatible with those mentioned above, was incorporated to increase 
precursor availability, given feeding of 20 mM mevalonolactone to the recombinant cultures, 
as previously described (Morrone et al. 2010). The resulting diterpenoids were extracted 
from 3 L of culture (media and cells) with an equal volume of a 1:1 mixture of ethyl acetate 
and hexanes. These organic extracts were pooled and dried by rotary evaporation. The 
residue was dissolved in 5 mL 45% methanol/45% acetonitrile/10% dH2O, and the 
diterpenoids purified by HPLC over an Agilent ZORBAX Eclipse XDB-C8 column (4.6 x 
150 mm, 5 μm) at a 0.5 mL/min flow rate. After loading, the column was washed with 20% 
acetonitrile/dH2O (0-2 min), and eluted with 20%-100% acetonitrile (2-7 min), followed by a 
100% acetonitrile wash (7-27 min). The fractions containing the novel diterpenoids were 
combined and dried under a gentle stream of N2 gas and then dissolved in 0.5 mL deuterated 
methanol (CD3OD; Sigma-Aldrich), with this evaporation-resuspension process repeated two 
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more times to completely remove the protonated acetonitrile solvent, resulting in a final 
estimated ~10 mg of each novel diterpenoid.  
 
Chemical structure identification 
  NMR spectra for the syn-pimara-7,15-diene and syn-stemodene CYP450 
products were recorded at 25 °C on a Bruker Avance 500 spectrometer equipped with a 
cryogenic probe for 
1
H and 
13
C.  Structural analysis was performed using 1D 
1
H, 1D, DQF-
COSY, HSQC, HMBC and NOESY spectra acquired at 500 MHz and 
13
C spectra (125.5 
MHz) using standard experiments from the Bruker TopSpin v1.3 software. For syn-pimara-
7,15-dien-19-al a Bruker Avance 700 spectrometer (
1
H 700.13 MHz; 
13
C 174 MHz) with a 5-
mm HCN cryoprobe, in a Shigemi methanol-d4 NMR tube, was used for analysis.  Chemical 
shifts were referenced to the known chloroform-d (
13
C 77.23, 
1
H 7.24 ppm) or methanol-d4 
(
13
C 49.15, 
1
H 3.31 ppm) signals offset from TMS. Correlations from the HMBC spectra 
were used to propose the majority of the structures, while connections between protonated 
carbons were obtained from DQF-COSY to complete the partial structures and assign proton 
chemical shifts, etc (Fig. S4).  The NOESY spectra from the syn-pimara-7,15-dien-19-ol and 
syn-stemoden-19-ol alcohols provided nuclear Overhauser effect (NOE) cross-peak signals 
to assign the stereochemistry of carbon-4 regarding which geminal methyl group (C18 or 
C19) was oxidized (Figure S4).  Assignments for the annotated 
13
C and 
1
H 1-D for all six 
compounds spectra are presented in Tables S1-S6. Proton (500 MHz) chemical shifts and 
assignments for the physiologically relevant syn-pimara-7,15-dien-19-oic acid are as follows:  
1.237 (1H, m, H1a), 1.487 (1H, m, H1b), 1.461 (1H, m, H2a), 1.520 (1H, m, H2b), 1.027 (1H, 
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t, 9.5 Hz, H3a), 2.139 (1H, m, H3b), 1.461 (1H, d, 9.8, H5), 2.186 (1H, m, H6a), 2.421 (1H, t, 
10.7, H6b), 5.303 (1H, d, 5.8, H7), 1.378 (1H, d, 9.8, H9), 1.230 (1H, m, H11a), 1.732 (1H, 
m, H11b), 1.437 (1H, m, H12a), 1.496 (1H, m, H12b), 1.800 (1H, d, 10.5), 1.984 (1H, d, 11.7, 
H14b), 5.801 (1H, q, 11.5, H15), 4.841 (1H, d, 9.2, H16E), 4.904 (1H, d, 17.2, H16Z), 0.880 
(3H, s, H17), 1.238 (3H, s, H18), 0.857 (3H, s, H20).  Carbon chemical shifts  (125.5 MHz) 
and assignments for syn-pimara-7,15-dien-19-oic acid were:  δ  (ppm) 36.96 (C1), 19.73 
(C2), 38.88 (C3), 44.25 (C4), 45.80 (C5), 24.81 (C6), 119.96 (C7), 136.10 (C8), 53.25 (C9), 
35.56 (C10), 25.57 (C11), 38.08 (C12), 38.82 (C13), 48.16 (C14), 150.6 (C15), 109.41 (C16), 
21.99 (C17), 29.38 (C18), 183.80 (C19), and 21.10 (C20). 
Kinetic analysis 
 Kinetic analysis was carried out using rCYP99A3 expressed in E. coli C41 cells using 
the OsCPR1 co-expression construct described above. Expression cultures were grown in TB 
medium and induced with 1 mM IPTG upon reaching an A600 of 0.8-1.0, and complemented 
with addition of 1 mM thiamine, 5 mg/L riboflavin, and 75 mg/L delta-amino levulinic acid 
at this time as well. After 72 hours at 16°C, the cells were harvested and clarified lysates 
prepared for in vitro kinetic assays using syn-pimardiene and syn-stemodene as substrates, 
but otherwise carried out as previously described (Swaminathan et al. 2009). Products were 
confirmed by GC-MS, and quantified by GC with flame ionization detection.  
 
Metabolite analysis 
 Rice plants (Orzya sativa L. ssp. Nipponbare) were cultivated in growth chambers 
under 12 hr light (28°C) and 12 hr dark (24°C) cycles to the 6th leaf stage. For induction, 
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plants were treated with 1 mL 0.2% (v/v) methyl jasmonate per plant, while 
control/uninduced plants were only treated with the 0.1% Tween 20 carrier solution, and all 
plants then incubated (separately) for 72 hrs. The leaves were then clipped off (2 g), frozen 
and ground to powder in liquid nitrogen. This plant material was then extracted with 50 mL 
ethyl acetate by stirring overnight at room temperature. The mixture was clarified by 
centrifugation, and the ethyl acetate extract dried under nitrogen gas, with the residue 
redissolved in 0.2 mL 50% methanol/water, which was fractionated by HPLC using the same 
methods described for product purification above. Fractions were collected between 8-23 min 
of retention time over 1 min intervals. These fractions were dried under a gentle stream of N2 
gas, resuspended in 100 µL hexanes, and analyzed by GC-MS.  
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FIGURES  
 
Table 1: rCYP99A3 steady-state kinetic constants 
Substrate Vmax (*) KM (µM) Vmax/KM 
syn-
pimaradiene 
0.13±0.01 3.0±0.5 0.04 
syn-stemodene 0.15±0.01 8±2 0.02 
*µmol product/mg protein/min 
 
Figure 1: Momilactones A and B. 
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Figure 2: Momilactone biosynthetic gene cluster and pathway. (A) Biosynthetic gene cluster 
on rice chromosome 4 associated with momilactone biosynthesis. (B) Momilactone B 
biosynthesis, shown with known transformations and enzymes.  
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Figure 3: CYP99A3 catalytic activity. GC-MS chromatograms showing production of 
oxidized products from, (A) syn-pimara-7,15-diene (1, syn-pimaradiene; 2, syn-pimaradien-
19-ol; 3, syn-pimaradien-19-al; 4, syn-pimaradien-19-oic acid) and (B) syn-stemod-13(17)-
ene (5, syn-stemodene; 6, syn-stemoden-19-ol; 7, syn-stemoden-19-al; 8, syn-stemoden-19-
oic acid).  
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Figure 4: CYP99A3 catalyzed reactions. (A) Oxidation of syn-pimara-7,15-diene to, 
sequentially, syn-pimara-7,15-dien-19-ol, syn-pimara-7,15-dien-19-al, and syn-pimara-7,15-
dien-19-oic acid. (B) Oxidation of syn-stemod-13(17)-ene to, sequentially, syn-stemod-
13(17)-en-19-ol, syn-stemod-13(17)-en-19-al, and syn-stemod-13(17)-en-19-oic acid.  
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Figure 5: Detection of syn-pimaradien-19-oic acid, as its methyl ester derivative, in induced 
rice plant tissue. (A) Extracted GC-MS chromatogram of fractionated rice leaf extract. (B) 
Mass spectra of identified peak in A (RT = 15.75 min.). (C) Mass spectra of authentic syn-
pimaradien-19-oic acid, again as the methyl ester (RT = 15.75 min.). 
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Figure 6: Proposed role for CYP99A3 in momilactone biosynthesis. Also shown is the 
subsequent formation of 3-hydroxy-syn-pimaradien-19,6β-olide, ensuing oxidation to 
momilactone A catalyzed by OsMAS, and presumed downstream formation of momilactone 
B. 
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SUPPORTING INFORMATION 
Figure S1: Characteristic CO-difference absorption spectra for CYP99A&3 and 
rCYP99A2&3 from reduced E.coli microsomes following recombinant expression. (A): CO 
difference absorption spectra of CYP99A2. (B): CO difference absorption spectra of 
rCYP99A2. (C): CO difference absorption spectra of CYP99A3. (D): CO difference 
absorption spectra of rCYP99A3. 
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Figure S2: Kinetic plots for rCYP99A3 with (A) syn-pimaradiene and (B) syn-stemodene. 
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Figure S3: Summary of NMR structural analyses. (A) Carbon numbering for the syn-pimara-
7(8),15(16)-dien-ol, al, or oic acid and syn-stemoden-19-ol ,al ,or oic acid diterpenoids. (B) 
Observed HMBC NMR spectra signals for syn-pimara-7(8),15(16)-dien-ol and syn-
stemoden-19-ol.  These are representative of the aldehydes and acids as well, minus the C19 
proton correlations since C19 in the aldehydes and acids is quaternary.  (C) Important cross-
peak signals from NOESY spectra for the alcohols were used to determine which C4 geminal 
methyl group, C18 or C19, was the oxidized carbon.  There was a strong signal between the 
alcohol protons and the C20 methyl group (known to be (R) beta from the syn configuration) 
protons for syn-pimara-7(8),15(16)-dien-ol and syn-stemoden-19-ol, indicating that C19 ((R) 
or beta on C4) is the oxidized carbon. 
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Table S1: 
1
H and 
13
C NMR assignments for syn-pimara-7,15-dien-19-ol. 
 
 
 
 
 
 
 
 
 
 
 
 
500MHz at 25 C in chloroform-d. 
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Table S2: 
1
H and 
13
C NMR assignments for syn-pimara-7,15-dien-19-al. 
 
 
 
 
 
 
 
 
 
 
 
 
700MHz at 25 C in chloroform-d. 
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Table S3: 
1
H and 
13
C NMR assignments for syn-pimara-7,15-dien-19-oic acid. 
 
 
 
 
 
 
 
 
 
 
 
 
500MHz at 25 C in chloroform-d. 
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Table S4: 
1
H and 
13
C NMR assignments for syn-stemod-13(17)-en-19-ol. 
 
 
 
 
 
 
 
 
 
 
 
 
500MHz at 25 C in methanol-d4. 
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Table S5: 
1
H and 
13
C NMR assignments for syn- stemod-13(17)-en-19-al. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
500MHz at 25 C in methanol-d4. 
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Table S6: 
1
H and 
13
C NMR assignments for syn- stemod-13(17)-en-19-oic acid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
500MHz at 25 C in methanol-d4. 
 
 
50 
 
 
Chapter III: CYP76M7 is an ent-cassadiene C11-hydroxylase defining 
a second multifunctional diterpenoid biosynthetic gene cluster in rice 
A paper published in and reprinted from Plant cell, October, 2009, 21(10):3315-3325. 
Sivakumar Swaminathan
1
, Dana Morrone
1
, QiangWang
1
, D. Bruce Fulton, and Reuben 
J. Peters* 
Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State University, 
Ames, Iowa 50011 
1 
These authors contributed equally to this work. 
ABSTRACT 
 While biosynthetic gene clusters are relatively common in microbial organisms, such 
clustering is unusual in plants, raising questions regarding the evolutionary forces driving 
their assembly in these multi-cellular eukaryotes. Here we characterize the biochemical 
function of a rice cytochrome P450 monooxygenase, CYP76M7, which seems to act in 
production of the antifungal phytocassanes, and defines a second diterpenoid biosynthetic 
gene cluster in the rice genome. Notably, this cluster is uniquely multifunctional, containing 
enzymatic genes involved in the production of two distinct sets of phytoalexins, the 
antifungal phytocassanes and antibacterial oryzalides/oryzadiones, with the corresponding 
genes exhibiting differing transcriptional regulation. The lack of a recognizable co-regulatory 
localization pattern within this uniquely multifunctional cluster suggests that co-regulation 
was not a primary driving force in its assembly. By contrast, all of the genes in the cluster are 
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dedicated to phytoalexin (i.e., specialized) metabolism. We hypothesize that it is this 
dedication to specialized metabolism that led to assembly of the corresponding biosynthetic 
gene cluster. Consistent with this hypothesis, molecular phylogenetic comparison 
demonstrates that, although the two rice diterpenoid biosynthetic gene clusters may share a 
common core origin, they have undergone independent elaboration to their present day forms, 
indicating continued evolutionary pressure for co-clustering of enzymatic genes for the 
corresponding biosynthetic pathways. These results then provide insight into biosynthetic 
gene cluster assembly in the model cereal crop plant rice and plants more broadly.  
INTRODUCTION 
 Production of small molecule antibiotics is a broadly conserved biological defense 
mechanism. If these bioactive natural products are separated from primary metabolism by 
multiple biosynthetic/enzymatic steps, the corresponding genes must be inherited together, 
along with the appropriate regulatory controls (e.g., co-transcription), to provide positive 
selection pressure for their retention. Further, if intermediate metabolites have deleterious 
effects, this exerts negative selection against inheritance of the corresponding sub-sets of 
these genes and/or inappropriate suppression of downstream enzymatic activity. This push-
pull combination has led to the assembly of biosynthetic gene clusters for multi-step 
specialized metabolism across a wide range of organisms (Fischbach et al. 2008). These 
include not only microbes such as bacteria and fungi, in which horizontal gene transfer 
increases the selective pressure for clustering, but plants as well, where such clustering is 
much less common, with only a few such cases known(Frey et al. 1997; Qi et al. 2004; Field 
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and Osbourn 2008). The rarity of biosynthetic gene clusters in plants raises the question of 
how such clusters were assembled in these multi-cellular eukaryotic organisms.  
 Rice (Oryza sativa) produces a complex mixture of antibiotic diterpenoid natural 
products in response to fungal infection (e.g., by the blast pathogen Magnaporthe grisea), as 
well as a separate set in response to bacterial infection (e.g., by the leaf blight pathogen 
Xanthomonas campestris)(Peters 2006; Toyomasu 2008). These phytoalexins all fall into the 
labdane-related diterpenoid sub-family, the founding members of which are the gibberellin 
(GA) phytohormones. Biosynthesis of these natural products is characteristically initiated by 
sequential cyclization reactions catalyzed by mechanistically distinct, yet phylogenetically 
related diterpene synthases(Peters 2006; Toyomasu 2008). First, cyclization of the acyclic 
universal diterpenoid precursor [E,E,E]-geranylgeranyl diphosphate (GGPP) by class II 
diterpene cyclases, typically a labdadienyl/copalyl diphosphate (CPP) synthase (CPS). 
Second, this bicyclic intermediate is generally further cyclized by stereospecific class I 
diterpene synthases sometimes termed kaurene synthase-like (KSL) because of their 
similarity to the corresponding enzyme in GA biosynthesis. Oxygen is then typically inserted 
into the resulting diterpene olefin by heme-thiolate cytochromes P450 (CYP) 
monooxygenases en route to production of bioactive natural product(s). While the disparate 
CYP are all presumed to be, at least distantly, related to each other, they have been divided 
into numbered families and lettered sub-families that share clear homology (≥40% and >55% 
amino acid sequence identity, respectively), with the subsequent number designating 
individual P450s(Werck-Reichhart and Feyereisen 2000).  
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 Given the importance of rice as a staple food crop and, with a known genome 
sequence(Project 2005), its status as a model cereal plant, there has been extensive 
investigation of GA and other labdane-related diterpenoid metabolism in rice(Peters 2006). 
Although rice contains four CPS and eleven KS(L), mutational analysis demonstrated that 
only one of each (OsCPS1 and OsKS1) are involved in GA biosynthesis(Sakamoto et al. 
2004). Biochemical characterization of the remaining OsCPS and OsKSL(Cho et al. 2004; 
Nemoto et al. 2004; Otomo et al. 2004; Otomo et al. 2004; Prisic et al. 2004; Wilderman et al. 
2004; Xu et al. 2004; Kanno et al. 2006; Morrone et al. 2006; Xu et al. 2007), has assigned a 
unique metabolic function to each (Figure 1). By contrast, while P450 monooxygenases have 
been implicated(Kato et al. 1995; Shimura et al. 2007), little is known regarding which of 
the >350 known rice CYP are required and/or what are their exact roles in diterpenoid 
phytoalexin biosynthesis(Peters 2006).  
 Intriguingly, the rice genome contains two gene clusters with OsCPS, OsKSL, and CYP 
(Sakamoto et al. 2004). The smaller gene cluster on chromosome 4 is involved in producing 
momilactones, and contains the relevant, consecutively acting syn-CPP synthase (OsCPS4) 
and syn-pimaradiene synthase (OsKSL4) (Wilderman et al. 2004). In addition, this cluster 
contains a dehydrogenase that catalyzes the final step in production of momilactone A 
(OsMAS) and two closely related P450s (CYP99A2&3), one or both of which are required in 
an undefined role(s) for momilactone biosynthesis (Shimura et al. 2007). The larger cluster 
on chromosome 2 contains the phytoalexin specific ent-CPP synthase OsCPS2 (Prisic et al. 
2004), three ent-CPP specific KSL (OsKSL5-7), and several P450s from the CYP71&76 
families. Although microarray transcriptional analysis has demonstrated that some of the co-
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clustered CYP are co-regulated with OsCPS2 and OsKSL7 (Okada et al. 2007), and members 
of the CYP71&76 families in other plant species function in terpenoid metabolism (Lupien et 
al. 1999; Collu et al. 2001; Ralston et al. 2001; Wang et al. 2001), a role for any of these 
monooxygenases in rice diterpenoid phytoalexin biosynthesis has remained conjectural. Here 
we report that one of these co-clustered and co-regulated P450s, CYP76M7, is an ent-
cassadiene specific C11-hydroxylase that seems to catalyze an early step in phytocassane 
biosynthesis and, thus, defines a second diterpenoid biosynthetic gene cluster, whose unique 
metabolic multifunctionality provides some insight into biosynthetic gene cluster assembly in 
plants.  
RESULTS  
Extension of the chromosome 4 diterpenoid biosynthetic gene cluster 
 It was originally suggested that the putative diterpenoid biosynthetic gene cluster on 
chromosome 2 contained four P450s (Sakamoto et al. 2004), which we found correspond to 
CYP71Z6&7 and CYP76M6&7. Previous microarray/transcriptional analysis suggested that 
some of these CYP also are co-regulated with OsCPS2 and OsKSL7, with their transcription 
being induced ~4 hours after elicitation of rice cell cultures with the fungal cell wall 
component chitin (Okada et al. 2007). A number of other CYP exhibit an analogous 
transcriptional induction pattern, and we found that two of these co-regulated CYP 
(CYP76M5&8) are immediately adjacent to the previously reported chromosome 2 
diterpenoid biosynthetic gene cluster, meriting their inclusion. The resulting cluster contains 
10 genes and spans ~245 kb on chromosome 2, comparable to the 5 gene, ~170 kb cluster on 
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chromosome 4 (Figure 2). Notably, previous results have demonstrated that the transcription 
of some genes in the chromosome 2 cluster are not elicited by chitin, nor are the co-regulated 
genes grouped together.  
CYP76M7 hydroxylates ent-cassadiene 
 Given the co-clustering and co-regulation of four CYP (CYP71Z7 and CYP76M5,7,&8) 
with OsCPS2 and OsKSL7, which are known to act in phytocassane biosynthesis (Peters 
2006; Toyomasu 2008), we hypothesized that these monooxygenases would similarly play a 
role in production of this group of antifungal phytoalexins. Genes for all four of these CYP 
were obtained from the rice full-length cDNA sequencing project at KOME (Kikuchi et al. 
2003). These were then expressed in the yeast (Saccharomyces cerevisiae) strain WAT11, in 
which the endogenous NADPH-cytochrome P450 reductase (CPR) has been replaced by one 
from Arabidopsis thaliana (Urban et al. 1997). However, no P450 expression or activity was 
detected. To further assess the role of these CYP we attempted expression in insect cells 
(Spodoptera frugiperda), which has proven to be a successful alternative with other plant 
CYP (Jennewein et al. 2001). Using an insect cell (Sf21)-baculovirus (Autographa 
californica) expression system we found that CYP76M7, although not the other three CYP, 
does react with ent-cassadiene (MW = 272 Da) fed to either microsomes or intact cells, with 
the resulting product appearing to be hydroxylated on the basis of its molecular weight (288 
Da). However, turnover was relatively limited, and it was not possible to obtain sufficient 
amounts of the hydroxylated product for structural analysis.  
Identification of hydroxylated product as 11-hydroxy-ent-cassadiene 
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 To obtain larger amounts of product, we turned to our previously developed modular 
metabolic engineering system (Cyr et al. 2007), and attempted to co-express CYP76M7 and a 
rice CPR along with GGPP, ent-CPP, and ent-cassadiene synthases in E. coli. However, 
while ent-cassadiene was produced in significant quantities, no hydroxylated derivatives 
were detected with the full length CYP76M7 in this context. Based on our experience with 
the kaurene oxidase CYP701A3 (D.M. & R.J.P.; manuscript in preparation), we modified the 
N-terminus of CYP76M7 for functional bacterial expression. Specifically, replacement of the 
first 33 amino acids (aa) with a 10 aa lysine-rich sequence based on the modification leading 
to successful bacterial expression of the CYP2B sub-family of mammalian P450s (Scott et al. 
2001). With this modified CYP76M7 we were able to detect significant hydroxylation (>50% 
conversion) of ent-cassadiene (Figure 3), resulting in the same product observed with the 
unmodified P450 expressed in insect cells. Accordingly, it was possible to produce and 
purify sufficient amounts of the hydroxylated ent-cassadiene for structural characterization 
by NMR. This analysis demonstrated that CYP76M7 carries out C11-hydroxylation of ent-
cassadiene (forming 11-(S)-hydroxy-ent-cassa-12,15-diene). In addition, co-expression of the 
modified CYP76M7 with other diterpene synthases demonstrated that this P450 is specific 
for ent-cassadiene, with only trace hydroxylation (<1% conversion) observed of ent-
pimaradiene, ent-sandaracopimaradiene, ent-kaurene, ent-isokaurene, syn-pimaradiene, syn-
stemarene, or syn-stemodene.  
Enzymatic characterization of recombinant CYP76M7 
 It was possible to measure enzymatic activity in vitro with the modified recombinant 
CYP76M7, which enabled more detailed enzymatic characterization. These in vitro assays 
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required CPR supplementation, which was provided by addition of exogenously produced 
CPR (from Arabidopsis thaliana, AtCPR1). Intriguingly, in these assays the production of an 
oxo-group (MW = 286 Da) was sometimes observed, along with the expected C11-
hydroxy-ent-cassadiene. This oxo containing compound also was produced when purified 
C11-hydroxy-ent-cassadiene was fed to bacteria co-expressing CYP76M7 and OsCPR1, 
demonstrating that it represents further oxidation of the C11-hydroxyl to a keto group. 
Uncoupling due to poor or limited association with recombinantly produced CPR may result 
in the catalytic cycle being aborted after the initial oxidation. Kinetic constants were 
determined by simply measuring the rate of formation of C11-hydroxy-ent-cassadiene in 
reactions where little of the C11-keto-ent-cassadiene product was made, whereupon 
CYP76M7 was found to exhibit a KM of 39 ± 10 µM and specific activity of 0.13 ± 0.02 
µmoles product/mg protein/min (Figure 4). No activity was observed in vitro with the other 
diterpenes produced by rice (i.e., those mentioned above).  
Physiological relevance of CYP76M7 activity  
 The physiological relevance of the C11-hydroxy-ent-cassadiene and C11-keto-ent-
cassadiene products of CYP76M7 was investigated by metabolite analysis of induced and 
uninduced rice leaves. Detection of C11-hydroxy-ent-cassadiene and C11-keto-ent-
cassadiene by LC-MS/MS was optimized using purified compound. Extracts from methyl 
jasmonate induced rice leaves, which has been demonstrated to induce the production of anti-
fungal phytoalexins such as the phytocassanes (Peters 2006), were then found to contain 
C11-hydroxy-ent-cassadiene (Table 1), although C11-keto-ent-cassadiene was not detected. 
By contrast, neither compound was found in uninduced leaf extracts. The relevance of these 
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findings is not entirely clear, as C11-hydroxy-ent-cassadiene might accumulate as a 
metabolic “dead-end” rather than biosynthetic intermediate, while C11-keto-ent-cassadiene 
would not accumulate if the subsequently acting enzyme is not rate-limiting. Nevertheless, 
finding at least one of the CYP76M7 products demonstrates that the associated hydroxylation 
reaction reported here does occur in planta, with the observed accumulation upon induction 
consistent with the transcriptional pattern previously reported for CYP76M7. Given the 
presence of a C11-keto group in all the identified phytocassanes from rice, CYP76M7 
presumably catalyzes an early step in phytocassane biosynthesis (Figure 5), with the 
inducible nature of both CYP76M7 transcription and activity matching the inducible 
production of phytocassanes.  
Molecular phylogenetic analysis of the co-clustered enzymatic gene families 
 The results presented above extend the functionality of the diterpenoid phytoalexin 
biosynthetic gene cluster on chromosome 2 to include CYP, along with the previously noted 
sequentially acting CPS and KSL diterpene synthases, just as found in the cluster on 
chromosome 4. Given the definition of now two such biosynthetic gene clusters in rice 
(Figure 2), we carried out molecular phylogenetic analysis of the CPS, KSL, and CYP 
enzymatic gene families shared between both to provide some insight into their assembly.  
 As we have previously noted (Prisic et al. 2004), the single class II diterpene cyclases 
found in each cluster, OsCPS2 and OsCPS4, are more closely related to each other than to 
the OsCPS1 required for GA biosynthesis. Indeed, OsCPS1 is more closely related to a CPS 
found in Zea mays (ZmCPS1) than either OsCPS2 or OsCPS4. Thus, for molecular 
phylogenetic analysis the CPS from the dicot Arabidopsis thaliana (AtCPS) was used as the 
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outgroup sequence (Figure 6A). This analysis demonstrates that there was a gene duplication 
following the separation of mono- and di-cot plants that led to the OsCPS2 and OsCPS4 
found in the clusters on chromosome 2 and 4, respectively.  
 Molecular phylogenetic analysis of the class I diterpene synthase KSL family from rice 
(OsKSL), using the ent-kaurene synthase (KS) from Arabidopsis thaliana (AtKS) as the 
outgroup sequence, indicates that there are two related groups of OsKSL (Figure 6B). One of 
these is composed of the OsKS1 involved in GA biosynthesis, along with the ent-cassadiene 
producing OsKSL7 found in the chromosome 2 cluster and the syn-pimaradiene producing 
OsKSL4 found in the chromosome 4 cluster. However, the closely related and presumably 
recently duplicated OsKSL5/OsKSL6 pair of class I diterpene synthases also found in the 
chromosome 2 cluster fall in the second group of OsKSL, indicating a separate evolutionary 
origin.  
 Previous molecular phylogenetic analysis has demonstrated that the CYP99 family falls 
within the CYP71 family, and presumably forms a sub-family within the broader CYP71 
family (Nelson et al. 2004). However, this does not necessitate a close evolutionary 
relationship between the CYP71Z sub-family members found in the chromosome 2 cluster 
and the CYP99A sub-family members found in the chromosome 4 cluster, as the CYP71/99 
family is the largest CYP family in rice, being composed of 107 genes (although 31 are 
thought to be pseudo-genes). Indeed, the majority of the CYP71Z sub-family members are 
scattered elsewhere in the genome. Further, while the CYP71/99 and CYP76 families both 
fall within the CYP71 clan (Nelson et al. 2004), this reflects an ancient division with both 
being more closely related to family members found in Arabidopsis thaliana (e.g., 
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CYP71B13 and CYP76C2, respectively), than each other. Accordingly, our molecular 
phylogenetic analysis of the various CYP in the rice diterpenoid gene clusters includes not 
only the other sub-family group members scattered across the rice genome, but the most 
closely related CYP from a different sub-family in both rice and Arabidopsis as outgroup 
sequences for each sub-family of interest (i.e., CYP71Z, CYP76M, and CYP99A), as well as 
the rice kaurene oxidase (CYP701A6) as the outgroup sequence for the overall analysis 
(Figure 6C). This analysis further indicates some complexity in the CYP76M sub-family, as 
the sub-family members in the chromosome 2 cluster are closely related to the CYP76M14 
that is found elsewhere in the rice genome. Examination of the CYP molecular phylogeny 
also indicates that several CYP within the clusters have undergone relatively recent tandem 
duplication (i.e., CYP99A2&3, CYP76M7&8, and CYP71Z6&7), much as has been 
hypothesized for OsKSL5&6 (Xu et al. 2007).  
DISCUSSION 
  The results presented here demonstrate that CYP76M7 is a cytochrome P450 
monooxygenase that catalyzes the insertion of oxygen at the C11 position in the labdane-
related diterpene ent-cassadiene. The resulting C11-hydroxy-ent-cassadiene can be found in 
planta upon induction, matching both the previously demonstrated mRNA transcript 
accumulation of CYP76M7 (Okada et al. 2007), and the inducible nature of phytocassane 
production (Koga et al. 1995), presumably reflecting a role for CYP76M7 in such 
phytoalexin biosynthesis. Given the typically conserved functionality among CYP sub-
families, these results further suggest that other CYP76M sub-family members also will be 
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involved in terpenoid biosynthesis, much as has been found for the functionally characterized 
CYP71D sub-family members (Lupien et al. 1999; Ralston et al. 2001; Wang et al. 2001), 
providing some general guidance for further investigation of the remaining nine CYP76M 
sub-family members in rice, as well as sub-family members identified in other plant species.  
 Definition of a role for CYP76M7 in phytoalexin diterpenoid biosynthesis also increases 
the number of CYP families acting in such specialized metabolism. In particular, the only 
previous angiosperm cytochrome P450 functionally identified as operating in specialized 
diterpenoid metabolism is the CYP71D16 involved in production of cembratriendiol by 
tobacco trichomes (Wang et al. 2001). Interestingly, while both the CYP71&76 families fall 
within the large CYP71 clan, the cytochromes P450 from gymnosperms involved in 
specialized diterpenoid metabolism, the CYP720B1 involved in conifer resin acid 
biosynthesis (Ro et al. 2005) and various CYP725 family members involved in taxoid 
biosynthesis (Jennewein et al. 2001; Schoendorf et al. 2001; Jennewein et al. 2003; Chau and 
Croteau 2004; Chau et al. 2004), come from the separate CYP85 clan. Thus, it seems likely 
that other CYP families from these broader clans will contain members and/or sub-families 
dedicated to specialized diterpenoid metabolism.  
 Having provided strong evidence that CYP76M7 plays a role in phytocassane 
biosynthesis, acting upon the ent-cassadiene product of the OsCPS2 and OsKSL7 that also 
are found in the chromosome 2 cluster, indicates that this cluster is functionally composed of 
consecutively acting CPS and KSL diterpene synthases and at least one CYP, much as 
previously shown for the diterpenoid biosynthetic gene cluster on chromosome 4 (Shimura et 
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al. 2007). Accordingly, we carried out molecular phylogenetic analysis to investigate the 
evolution of these two diterpenoid biosynthetic gene clusters from the rice genome.  
 Intriguingly, the only genes in the rice diterpenoid biosynthetic gene clusters clearly more 
closely related to those found in the other cluster than paralogs found elsewhere in the 
genome are the CPS (Figure 6). While some argument could be made that the evolutionary 
relationship between OsKSL4 and OsKSL7 reflects early incorporation of a common 
precursor in an ancestral cluster, both are more closely related to the OsKS1 involved in GA 
biosynthesis, which is found elsewhere in the genome, than they are to each other. Further, 
the closely related and presumably recently duplicated OsKSL5&6 clearly have a separate 
evolutionary origin. Similarly, while the fact that CYP99 is actually a sub-family of CYP71 
might be used to argue for early inclusion of a shared evolutionary precursor to the CYP71Z 
and CYP99A sub-family members in an ancestral cluster, this is undermined by the large 
numbers of other CYP71 family members (including the majority of CYP71Z sub-family 
members) found scattered elsewhere throughout the rice genome. In addition, the CYP76 
family is sufficiently different to effectively rule out any recent shared origin for those family 
members found in the chromosome 2 cluster with either the co-clustered CP71Z or the 
CYP99A found in the other (i.e., chromosome 4) cluster. Finally, the OsMAS dehydrogenase 
found in the chromosome 4 cluster has no paralog in the chromosome 2 cluster. Thus, from 
our molecular phylogenetic analysis it seems likely that these two diterpenoid biosynthetic 
gene clusters were independently assembled, although it also is possible that there was an 
ancestral cluster containing precursors to OsCPS2&4, OsKSL4&7, and CYP71Z&99A. 
However, even in this latter case, further assembly still would have been required, with the 
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chromosome 4 cluster picking up the OsMAS dehydrogenase, while the chromosome 2 
cluster would have needed to add the KSL5&6 precursor, as well as CYP76M family 
members (Figure 7). In any case, such differential assembly implies that there was significant 
selective pressure driving this process.  
 Regardless of precise assembly process, the chromosome 2 cluster defined here is a novel 
example of a multi-functional biosynthetic cluster. OsKSL6 produces the ent-isokaurene 
precursor of the antibacterial oryzalides/oryzadiones, while OsKSL7 and, as now indicated 
here, CYP76M7 are involved in biosynthesis of the antifungal phytocassanes (Figures 1 and 
5). The previously reported difference in transcriptional regulation for these genes (Figure 2) 
also is consistent with their distinct roles in phytoalexin biosynthesis. This metabolic 
multifunctionality is unprecedented in the previously identified biosynthetic gene clusters 
from plants (Frey et al. 1997; Qi et al. 2004; Field and Osbourn 2008), and helps define the 
underlying selective pressure leading to the at least partially independent differential 
assembly of the two rice diterpenoid biosynthetic gene clusters.  
 In particular, it is notable that OsCPS2 is the only enzymatic gene from the chromosome 
2 cluster that is clearly shared between phytocassane and oryzalide/oryzadione biosynthesis. 
While OsCPS2 produces the enantiomeric form of CPP that could be an intermediate in GA 
phytohormone metabolism (Figure 1), knocking out OsCPS1 is sufficient to essentially 
abolish GA production (Sakamoto et al. 2004). This rules out a role for OsCSP2 in such 
primary metabolism, and its transcriptional regulatory pattern (Otomo et al. 2004; Prisic et al. 
2004) indicates that OsCPS2 acts in more specialized (i.e., phytoalexin) metabolism instead. 
Accordingly, it appears that all the genes in both clusters are devoted to more specialized 
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metabolism, as none of the associated KSL make the ent-kaurene intermediate relevant to 
GA biosynthesis, and none of the characterized members of the CYP71/99 or CYP76 
families have been found to be involved in primary metabolism.  Thus, the selective force 
driving the differential assembly of the two rice diterpenoid biosynthetic gene clusters must 
be related to their role in more specialized metabolism. Indeed, in each of the identified cases, 
plant biosynthetic gene clusters are involved in specialized rather than primary metabolism.  
 As presented by Field and Osbourn (2008), the assembly of such specialized biosynthetic 
gene clusters in plants (as well as other organisms) could be driven by a variety of factors. 
These include the need for co-regulation and inheritance of the full set of enzymatic genes 
necessary for biosynthesis of a bioactive natural product, as well as avoidance of toxic 
intermediate accumulation (i.e., from inheritance of only the corresponding sub-set of 
enzymatic genes). Notably, the lack of any recognizable regulatory pattern within the 
chromosome 2 cluster reported here suggests that co-regulation was not a primary factor 
driving cluster assembly in at least this particular case, as does the co-clustering of two 
functionally distinct biosynthetic pathways (i.e., enzymatic genes involved in either 
antifungal phytocassane or antibacterial oryzalide/oryzadione biosynthesis). Accordingly, we 
hypothesize that biosynthetic gene cluster assembly in plants is driven by the need for 
inheritance of complete biosynthetic pathways. In particular, because the selective pressure 
for conservation of any enzymatic gene solely involved in specialized metabolism requires 
co-inheritance of all the enzymatic genes necessary for production of the relevant bioactive 
natural product without accumulation of toxic intermediates.  
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MATERIAL AND METHODS  
General procedures 
 Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Gene mapping was based on the annotated rice genome sequence at 
GenBank. CYP nomenclature was determined via BLAST searches at the Cytochrome P450 
Homepage maintained by Dr. David Nelson 
(http://drnelson.utmem.edu/CytochromeP450.html). Molecular phylogenetic analysis was 
carried out with the CLC Sequence Viewer 6.2 software package using the most accurate 
alignment option and Neighbor-Joining method to generate phylogenetic trees. Gas 
chromatography (GC) was performed with a Varian (Palo Alto, CA) 3900 GC with Saturn 
2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode. Samples (1 µL) 
were injected in splitless mode at 50°C and, after holding for 3 min. at 50°C, the oven 
temperature was raised at a rate of 14°C/min. to 300°C, where it was held for an additional 3 
min. MS data from 90 to 600 m/z were collected starting 12 min. after injection until the end 
of the run. Liquid chromatography (LC) was carried out with Agilent 1100 series HPLC 
instruments, with LC-MS/MS analysis carried out by a coupled Agilent MSD ion trap mass 
spectrometer in positive ion mode on an instrument located in the W.M. Keck Metabolomics 
Research Laboratory located at Iowa State University.  
Recombinant constructs  
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 Genes for the four CYP that are co-clustered and co-regulated with OsCPS2 and OsKSL7 
(CYP71Z7 and CYP76M5,7,&8) were obtained from the KOME rice cDNA databank 
(Kikuchi et al. 2003). These were transferred into the Gateway vector system via PCR 
amplification, with incorporation of a consensus Kozak sequence and 6xHis tag at the 5' end, 
directional topoisomerase mediated insertion into pENTR/SD/D-TOPO, and verified by 
complete sequencing. The resulting genes were then transferred via directional 
recombination to the yeast expression vector pYES-DEST52, the insect cell expression 
vector pDEST8, and the T7-promoter expression vector pDEST14. CYP76M7 was modified 
for functional bacterial expression in a two-stage PCR process, first removing 33 codons 
from the 5' end of the open reading frame and then adding ten new codons (encoding the 
amino acid sequence “MAKKTSSKGK”). The resulting construct was inserted into 
pENTR/SD/D-TOPO and verified by complete sequencing. For bacterial co-expression of 
the requisite redox partner, we cloned a rice CPR (OsCPR1), also obtained from KOME, into 
the pCDFDuet dual expression vector (Novagen, San Diego, CA). Specifically, into the 
second multiple cloning site using the NdeI and KpnI restriction sites. For insertion of the 
various CYP, a DEST cassette was then inserted into the first multiple cloning site using the 
NcoI and NotI restriction sites, to enable transfer via directional recombination with Gateway 
pENTR derived constructs.  
Recombinant expression in yeast 
 Yeast CYP expression was performed following the manufacturer’s directions for 
pYES-DEST52. Briefly, the pYES-DEST52 CYP constructs were transformed into the 
WAT11 strain of yeast (Urban et al. 1997), with selection on SC-Ura media. For expression 
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overnight cultures were inoculated (1:20) into SC-Ura with 2% (wt/vol) galactose, with cells 
being harvested at various time points from 0 to 24 hours after inoculation. To examine CYP 
expression, cell extracts were run on 12% SDS polyacrylamide gels and the separated 
proteins transferred to Hybond-P PVDF membrane (Amersham Biosciences) for western blot 
analysis using standard procedures (Harlow and Lane 1988). Dilutions of 1:1,500 and 
1:2,000 were used for the primary rabbit anti-His antiserum and secondary goat anti-rabbit 
Ig-peroxidase conjugate (Sigma-Aldrich, St. Louis, MO), respectively. Bound antibodies 
were visualized with the ECL Plus Western Blotting Detection System (Amersham 
Biosciences). In none of the examined cases was CYP expression detected.  
Recombinant expression in insect cells 
 Sf21 cells (Vaughn et al. 1977) were maintained in TC-100 insect cell medium (Sigma-
Aldrich) supplemented with fetal bovine serum (FBS; Gibco-BRL) to a final concentration of 
10% and antibiotics (1 U penicillin/ml, 1 mg streptomycin/ml; Sigma-Aldrich). The cell 
cultures were maintained at 28°C as monolayers in screw-capped plastic flasks (Falcon).  
 Recombinant baculoviruses were constructed with the Bac-to-Bac Baculovirus 
Expression System (Invitrogen). Briefly, the CYP were transferred from the pDEST8 vectors 
by recombination with the bMON14272 baculovirus shuttle vector in E. coli following the 
manufacturers instructions, but using 100 µg/ml kanamycin, 14 µg/ml gentamicin, and 20 
µg/ml tetracycline for selection, and the resulting recombinant bacmid DNA was then 
isolated and transfected into Sf21 cells. The resulting recombinant viruses were amplified 
and their titer determined in Sf21 cells using standard procedures (O'Reilly et al. 1992).  
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 Expression of CYP proteins by the recombinant baculoviruses was carried out in Sf21 
insect cells (Vaughn et al. 1977; Wickham et al. 1992). The cells were seeded into 150 cm
2
 
cell culture flasks and infected with recombinant baculoviruses at a multiplicity of infection 
(M.O.I.) of 10 plaque-forming units (PFU)/cell. Cells were harvested 72 h post-infection 
(p.i.), with CYP expression readily detected by Western blot analyses carried out as 
described above.  
 Microsomes from the harvested cells were prepared by differential centrifugation 
essentially as per Wen et al. (2003). Briefly, cells were pelleted by centrifugation at 3000g at 
4 °C for 10 min. The pellets were resuspended in half a cell culture volume of 100 mM 
sodium phosphate buffer (pH 7.8) and repelleted at 3000g for 10 min, washed in ice cold cell 
lysate buffer (100 mM sodium phosphate pH 7.8, 1.1 mM EDTA, 0.1 mM DTT, 0.5 mM 
PMSF, 1/1000 vol/vol Sigma protease inhibitor cocktail, 20% glycerol), repelleted at 3000g 
for 10 min and resuspended in 1/50 cell culture volume of cold cell lysate buffer. The cells 
were lysed by sonification twice for 30 s on ice, and vortexing for 15 s. The lysate was 
centrifuged at 10,000g for 20 min at 4 °C in a microcentrifuge and the supernatant was 
further centrifuged in a Ti-70 rotor at 120,000g for 1 h in a Beckman-Coulter Optima 
ultracentrifuge to pellet the microsomes. The microsomal pellet was resuspended in 500 μL 
cold cell lysate buffer and used immediately or flash-frozen in liquid N2 and stored at −80 °C 
for up to a month.  
 In vitro assays were performed in a 500 µL assay mixture containing the isolated 
microsomes (500 µg), 0.4 mM NADPH, 300 µM substrate, 2 µM reductase, 1 mM DTT, 5 
µM FMN, 5 µM FAD, as well as NADPH regenerating system comprised of 2 mM glucose-
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6-phosphate and 0.5 U of glucose-6-phosphate dehydrogenase. The reaction mixture was 
incubated at 28°C for 6 hours. The resultant product was extracted thrice with an equal 
volume of ethyl acetate, dried under a gentle stream of N2 gas, and dissolved in hexane for 
GC-MS analysis. 
 Whole cell assays were performed by feeding 10 µM ent-cassadiene to CYP expressing 
sf21 cells 2 days p.i. The cells were grown for 2 more days, then the media and cells 
sonicated, and diterpenoids extracted for GC-MS analysis as above.  
Recombinant expression in E. coli 
 For bacterial expression, we combined co-expression of OsCPR1 and CYP76M7 via 
the pCDFDuet vector construct described above, with our previously described modular 
diterpene metabolic engineering system (Cyr et al. 2007). Specifically, we co-expressed these 
with a GGPP synthase and ent-CPP synthase carried on the co-compatible pGGeC vector, 
and the ent-cassadiene synthase (OsKSL7) as a GST fusion protein expressed from the also 
co-compatible pDEST15. While expression of the full-length CYP76M7 in this context did 
not lead to production of any hydroxylated ent-cassadiene, expression with the modified 
CYP76M7 led to conversion of >50% of the endogenously produced ent-cassadiene to the 
same hydroxylated derivative observed with insect cell expressed CYP76M7 fed ent-
cassadiene. Substituting other diterpene synthases for OsKSL7 and/or the ent-CPP synthase 
[as appropriate, see (Cyr et al. 2007)] in this bacterial system did not result in significant 
conversion of the corresponding various other diterpenes, which were all produced in good 
yield, to any recognizable oxidized derivatives.  
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Diterpenoid production 
 To make sufficient amounts of the novel enzymatic product for NMR analysis, we 
incorporated the bottom half of the mevalonate dependent isoprenoid pathway from yeast to 
increase isoprenoid precursor supply in the engineered bacteria, using the previously 
described pMBI vector and supplementation with 20 mM mevalonolactone (Martin et al. 
2003), much as previously described (Morrone et al. 2008). Diterpenoids were extracted 
from a 3 L culture (media and cells) with equal volume solution of ethyl acetate and hexanes 
(50:50). These organic extracts were pooled and dried by rotary evaporation. The residue was 
dissolved in 5 mL 45% methanol/45% acetonitrile/10% dH2O, and the diterpenoids purified 
by HPLC with a Supelcosil LC-18 column (4.6 x 250 mm, 5 µm) and 0.5 mL/min flow rate. 
After binding, the column was washed with 20% acetonitrile/H2O (0-5 min), and eluted with 
20%-100% acetonitrile (5-15 min), followed by a 100% acetonitrile wash (15-30 min). The 
fraction containing the novel diterpenoid (RT: 21.5-22 min) was dried under a gentle stream 
of N2 gas and then dissolved in 0.5 mL deuterated chloroform (CDCl3; Sigma-Aldrich), with 
this evaporation-resuspension process repeated two more times to completely remove the 
protonated acetonitrile solvent, resulting in a final estimated ~2.5 mg of the novel diterpenoid.  
Chemical structure analysis 
 NMR spectra for both the ent-cassadiene precursor and hydroxylated product were 
recorded at 25 C in chloroform-d1. NMR spectra were collected using a Bruker Avance 700 
spectrometer equipped with a 5 mm HCN cryoprobe. Structural analysis was undertaken 
using 1D 
1
H, 1D 
13
C, DQF-COSY, HSQC, HMBC, ROESY (tmix = 400 ms) and HMQC-
COSY spectra acquired using standard experimental protocols. Chemical shifts were 
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referenced to TMS. Chemical shifts for the ent-cassadiene substrate were assigned and found 
to be in agreement with published values (Yajima et al. 2004). Proton (700.13 MHz) 
chemical shifts and assignments for 11-(S)-hydroxy-ent-cassa-12,15-diene:  2.053 ppm (1H, 
d, 13.0 Hz, H1a), 1.086 (1H, t, 13.6, H1b), 1.574 (1H, d, m, H2a), 1.434 (1H, d, 13.2, H2b), 
1.396 (1H, d, 13.4, H3a), 1.141 (1H, t, 13.9,H3b), 0.782 (1H, d, 12.5, H5), 1.541 (1H, d, 13.1, 
H6a), 1.336 (1H, m, H6b), 1.700 (1H, m, H7a), 1.433 (1H, dd, 4.0, 13.0, H7b), 1.919 (1H, m, 
H8), 1.169 (1H, d, 14.9, H9), 4.335 (1H, 7, 4.6, H11), 5.648 (1H, s, H12), 2.441 (1H, m, 
H14), 6.203 (1H, dd, 19.8, 11.2 H15), 5.209 (1H, d, 19.7, H16a), 5.054 (1H, d, 10.7, H16b), 
0.893 (3H, d, 7, H17), 0.870 (3H, s, H18 or H19), 0.854 (3H, s, H18 or H19), 1.118 (3H, s, 
H20). Carbon (174.05 MHz) chemical shifts and assignments for 11-(S)-hydroxy-ent-cassa-
12,15-diene:  (ppm) 40.33 (C1), 18.84 (C2), 42.08 (C3), 33.34 (C4), 55.77 (C5), 21.63 (C6), 
29.87 (C7), 30.45 (C8), 49.48 (C9), 37.86 (C10), 66.13 (C11), 129.51 (C12), 143.84 (C13), 
32.41 (C14), 138.62 (C15), 113.36 (C16), 14.98 (C17), 22.67 (C18 or C19), 34.30 (C18 or 
C19), 18.56 (C20). The hydroxyl group was not directly observed in the 
1
H NMR spectra. It 
was assigned to the C11 position on the basis of the proton multiplicity of C11 (one), the 
characteristic 
13
C chemical shift of C11, and comparison with the corresponding NMR 
spectra for the ent-cassadiene precursor. The stereochemical configuration at C11 was 
determined as (S
making use of the known configurations of C9 and C20. The observed NOE correlations to 
H11 (and their relative intensities) are H1a (s), H1b (w), H9 (s), H12 (m), H20 (w). NOE 
connectivity to H8 was not observed although that spectral region was free from overlap. 11-
(S)-hydroxy-ent-cassa-12,15-diene EIMS m/z (%): 288(93), 255(17), 205(37), 177(39), 
163(77), 150(70), 135(100), 121(45), 117(31), 107(40), 95(94), 91(60).  
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Kinetic analysis  
 Truncated and modified OsCYP76M7 was expressed in E. coli C41 using the 
pCDFDuet vector and OsCPR1 described above. Co-transformation of E. coli C41 cells 
included pGro7, an arabinose inducible, groES-groEL containing Cm resistant plasmid 
(TaKaRa). Expression cultures were grown in TB and induced with 1 mM IPTG and 2 
mg/mL arabinose upon reaching an OD A600 of 0.8.  Cultures were induced for 40 hours at 
28 °C and complemented with addition of 1 mM thiamine, 2 mg/L riboflavin, and 75 mg/L 
delta-amino levulinic acid at the time of induction. Upon completion of induction, cultures 
were centrifuged and the cell pellet resuspended in 5% culture volume cold membrane prep 
buffer (MPB), consisting of 0.1 M Tris-HCl pH 7.2, 20% glycerol, 0.5 mM EDTA, 1 mM 
DTT, and 1x protease cocktail inhibitor. Lysozyme was added to 0.2 mg/mL and stirred for 
10 minutes at 4 °C. Spheroblasts were pelleted at 5000g for 10 min and subsequently 
resuspended in 10% culture volume of cold MPB.  Very brief sonication was utilized to open 
spheroblasts. Concentrated spheroblasts were utilized immediately. Kinetic assays were 
performed in vitro by determining the initial velocity for various substrate concentrations 
following spheroblast preparation. However, the amount of cytochrome P450 present could 
not be quantified due to the lack of the typical peak at 450 nm in CO binding difference 
spectra. To ensure a constant supply of reducing equivalents, the NADPH regeneration 
system described above was used. Additionally, AtCPR1 was added to enhance reducing 
potential. Concentrated spheroblasts were diluted into 5 mL aliquots of MPB; 1mL aliquots 
were removed at the various time points and the reactions halted by immediate addition and 
vortexing into 1 mL 1 M HCl with a 4 mL ethyl acetate overlay. The organic extract was 
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removed and the reaction further extracted three times with 5 mL hexanes. An internal 
standard of ent-copalol was used to standardize extraction efficiency and authentic C11-
hydroxy-ent-cassadiene was utilized to generate a standard curve for quantification. Product 
identification was confirmed by GC-MS, and quantification performed by GC-FID. The 
reaction appeared to be in the linear range for the first 15 min. Following TCA precipitation 
and washing of spheroblasts, protein quantification was performed using the Bio-Rad Protein 
Assay based on the Bradford method, with 8 ± 4 mg protein found to be present.  
Metabolite analysis  
 Rice plants (Orzya sativa L. ssp. Nipponbare) were cultivated in growth chambers under 
12 hr light at 28°C and 12 hr dark at 24°C cycles to the 6
th
 leaf stage. For induction, plants 
were treated with 1 mL 0.2% methyl jasmonate per plant, and incubated for 72 hrs, while 
control plants were only treated with the 0.1% Tween 20 carrier solution. The leaves were 
then clipped off (2 g), frozen and ground to powder in liquid nitrogen. This plant material 
was then extracted with 50 mL ethyl acetate by stirring overnight at room temperature. The 
mixture was clarified by centrifugation, and the ethyl acetate extract dried under nitrogen gas 
and redissolved in 0.1 mL 50% methanol/water, from which 10 µL was injected for LC-
MS/MS analysis. This was carried out using an Agilent ZORBAX Eclipse XDB-C8 column 
(4.6 x 150 mm, 5 µm) and a 0.5 mL/min flow rate, using the same elution program described 
above for purification. Purified compounds were easily detected and used to optimize 
selective MS/MS ion monitoring. Specifically, for C11-hydroxy-ent-cassadiene the base 
peak (m/z = 271 [MH-H2O]
+
) from the molecular ion (m/z = 289 [MH]
+
) was selected for 
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further fragmentation, with the resulting mass spectra compared to that found in the induced 
rice leaf extract at the same retention time.  
Acknowledgements. This work was supported by grants from the USDA-CSREES-NRI 
(2005-35318-15477) and NSF (MCB-0416948) to R.J.P.  
Table 1: LC-MS/MS analysis of C11-hydroxy-ent-cassadiene in induced rice leaf 
extracts. 
Sample RT(min) MS (m/z, %) MS/MS Fragments (m/z, %) 
Standard 19.0-
19.4 
289(16), 
271(100) 
243(6), 229(9), 215(33), 201(45), 189(16), 175(50), 
163(100), 149(65), 133(10), 121(49), 109(36), 
95(15), 81(4) 
Induced 
leaf 
extract 
19.0-
19.1 
289(10), 
271(100) 
243(5), 229(26), 215(26), 201(49), 189(15), 
175(51), 163(100), 149(71), 133(17), 121(43), 
109(35), 95(33), 81(8) 
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FIGURE 
Figure 1: Functional map of rice diterpenoid biosynthesis. Indicated are the known cyclases 
and corresponding reactions, along with the downstream natural products, where known. 
Heavier arrows indicate enzymatic reactions specifically involved in GA metabolism, dashed 
arrows indicate multiple enzymatic reactions.  
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Figure 2: Schematic of rice diterpenoid biosynthetic gene cluster. Black boxes represent 
induced genes, while open boxes those not induced by chitin elicitation (Okada et al. 2007). 
Note that no other genes appear to be present in these regions.  
 
Figure 3: Hydroxylation of ent-cassadiene by CYP76M7. GC-MS chromatogram of extract 
from E. coli engineered for production of ent-cassadiene and co-expressing CYP76M7 and 
OsCPR1 (1, ent-cassadiene; 2, 11-hydroxy-ent-cassadiene).  
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Figure 4: Kinetic plot for CYP76M7 activity. Shown are the measured initial rates with 
standard deviation (from duplicate assays) and fit to the Michaelis-Menton equation (R
2
 = 
0.96).  
 
Figure 5: Reaction catalyzed by CYP76M7 and its putative relationship to phytocassane 
biosynthesis (dashed arrow indicates multiple branching reactions leading the mixture of 
phytocassanes A–E).  
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Figure 6: Molecular phylogenetic analysis of the co-clustered rice diterpenoid biosynthetic 
enzymatic gene families. A) Phylogenetic tree for OsCPS. B) Phylogenetic tree for OsKSL. 
C) Phylogenetic tree for CYP71Z, CYP76M, and CYP99A sub-families. The genes in the 
rice diterpenoid biosynthetic gene clusters are indicated by corresponding chromosomal 
number (i.e., Chr. 2 or 4), and the CYP from Arabidopsis thaliana by At.  
 
Figure 7: Hypothetical assembly process for the observed/current rice diterpenoid 
biosynthetic gene clusters depicted in Figure 2.  
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ABSTRACT 
 Recent reports have revealed genomic clustering of enzymatic genes for particular 
biosynthetic pathways in plant specialized/secondary metabolism. Rice (Oryza sativa) carries 
two such clusters for production of antimicrobial diterpenoid phytoalexins, with that on 
chromosome 2 containing four closely related/homologous members of the cytochrome P450 
CYP76M sub-family (CYP76M5-8). How this CYP sub-family gene expansion is related to 
metabolic function is unclear. It has been demonstrated that CYP76M7 catalyzes C11-
hydroxylation of ent-cassadiene, and presumably mediates an early step in biosynthesis of 
the derived phytocassane class of phytoalexins. Here we report biochemical characterization 
of CYP76M5, 6, & 8. Our results suggest that CYP76M8 is a multifunctional hydroxylase in 
rice diterpenoid metabolism, with CYP76M5 & 7 providing only redundant sub-
functionalized activity, while CYP76M6 provides an example of mixed neo- and sub-
functionalization, exhibiting both partially redundant and novel activity relative to CYP76M8. 
Consistent with this interpretation, mutational analysis of CYP76M8 demonstrates the 
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facility with which this multifunctional hydroxylase can be sub-functionalized. Notably, in 
addition to a role in phytocassane biosynthesis, CYP76M8 is likely to play a role in 
production of the oryzalexin class of phytoalexins as well, although the preceding diterpene 
synthase, unlike that for the phytocassanes, is not found in the chromosome 2 biosynthesis 
gene cluster. Our results not only uncover a complex evolutionary history, but provide 
insights into the interplay between biosynthetic gene clustering and metabolic evolution in 
plants, highlighting differences relative to the seemingly similar microbial operons.  
INTRODUCTION 
 Traditionally, genes are considered to be essentially randomly distributed in the 
genomes of multicellular eukaryotic organisms, in contrast with microbes, where co-
regulated genes with related functions (e.g., those involved a particular biosynthetic pathway) 
are often clustered together (Fischbach et al., 2008). However, it has been demonstrated that 
the enzymatic genes for a few specialized/secondary biosynthetic pathways also are 
physically clustered together in some plant genomes. For example, the cyclic hydroxamic 
acid pathway in maize (Frey et al., 1997), triterpenoid biosynthetic gene clusters in oats and 
Arabidopsis (Qi et al., 2004; Field and Osbourn, 2008), and diterpenoid biosynthetic gene 
clusters in rice (Prisic et al., 2004; Wilderman et al., 2004; Shimura et al., 2007; 
Swaminathan et al., 2009); although these represent rare exceptions rather than reflecting the 
general operon organizational theme found in microbial genomes (Osbourn and Field, 2009). 
Thus, it remains unclear how these clusters were assembled, and what the evolutionary 
implications are for the contained genes. Of particular interest here, are their functions then 
constrained to the corresponding biosynthetic pathway, as is thought to be largely true in 
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microbial biosynthetic gene clusters and implied for those in plants as well, along with the 
implications for metabolic evolution.  
 Rice (Oryza sativa) produces a complex mixture of antimicrobial natural products in 
response to microbial infection (Peters, 2006; Toyomasu, 2008), with separates sets produced 
in response to fungi (e.g., the blast pathogen Magnaporthe grisea), relative to bacteria (e.g., 
by the leaf blight pathogen Xanthomonas campestris). These phytoalexins are almost entirely 
all labdane-related diterpenoids, whose biosynthesis is characterized by an initial pair of 
sequential cyclization reactions (Figure 1). Specifically, bicyclization of the universal 
diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP) by copalyl/labdadienyl 
diphosphate (CPP) synthases (CPS), which is followed by further cyclization and/or 
rearrangement to a polycyclic olefin catalyzed by enzymes often termed kaurene synthase 
like (KSL) for their relationship to the presumably ancestral kaurene synthase from 
gibberellin phytohormone metabolism. Production of the bioactive diterpenoid phytoalexins 
then further requires the action of cytochrome P450 (CYP) mono-oxygenases (Kato et al., 
1995).  
 Two labdane-related diterpenoid phytolexin gene clusters have been reported in rice, 
one located on chromosome 4 and the other on chromosome 2. The gene cluster on 
chromosome 4 is involved in producing momilactones, and contains the relevant syn-CPP 
synthase (OsCPS4) and syn-pimaradiene synthase (OsKSL4)(Wilderman et al., 2004), along 
with a dehydrogenase that catalyzes the final step in production of momilactone A (OsMAS), 
and two closely related P450s (CYP99A2&3), one or both of which are required for 
momilactone biosynthesis (Shimura et al., 2007). Recently, we have demonstrated that 
CYP99A3 acts as a syn-pimaradiene oxidase to produce syn-pimaradien-19-oic acid, 
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presumably as an intermediate en route to the 19,6-–lactone ring of the momilactones 
(Wang et al., submitted). The other gene cluster, that on chromosome 2 (Figure 2), is 
uniquely multifunctional, being involved in the production of at least two classes of 
phytoalexins, the antifungal phytocasanes and antibacterial oryzalides/oryzadiones 
(Swaminathan et al., 2009). In addition to the phytoalexin specific ent-CPP synthase 
(OsCPS2)(Otomo et al., 2004b; Prisic et al., 2004), this cluster contains three ent-CPP 
specific KSL (OsKSL5-7), with OsKSL7 producing the ent-cassadiene precursor to the 
phytocassanes and OsKSL6 producing the ent-isokaurene precursor to the 
oryzalides/oryzadiones (Cho et al., 2004; Kanno et al., 2006; Xu et al., 2007b), along with six 
CYP (CYP71Z6&7 and CYP76M5-8).  
 We have previously reported that the CYP76M7 found in the gene cluster on rice 
chromosome 2 catalyzes the C11 hydroxylation of ent-cassadiene, presumably en route to 
the C11 keto functionality found in all the bioactive phytocassanes (Swaminathan et al., 
2009). Phylogenetic analysis carried out as part of that study indicated that the co-clustered 
and closely related CYP76M5-8 seem to be derived from a common ancestral CYP76M sub-
family member that was incorporated in the original form of this biosynthetic gene cluster, 
raising the question of what the metabolic function(s) are of the other CYP76M sub-family 
members. Here, we report biochemical characterization of CYP76M5, 6, & 8, uncovering a 
range of activity that indicates a complex evolutionary history for the closely 
related/homologous CYP76M5-8 sub-family members found in this biosynthetic gene cluster. 
This includes redundant sub-functionalization and mixed sub-and neo-functionalization, as 
well as putative roles in “other” biosynthetic pathways, and the implications of these findings 
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for the interplay between biosynthetic gene clusters and metabolic evolution in plants are 
discussed.  
RESULTS 
Initial functional characterization of CYP76M5, 6, & 8 
 Based on the co-regulation of CYP76M5, 7, & 8, as well as CYP71Z7, with the 
OsCPS2 and OsKSL7 that act consecutively to produce ent-cassadiene, we had hypothesized 
that one or more of the encoded P450s would act to further elaborate this intermediate en 
route to the phytocassane family of antifungal phytoalexins. Given this focus, and our 
successful identification of just such a P450 (i.e., CYP76M7), we did not more generally 
examine the ability of the remaining P450s from the chromosome 2 diterpenoid biosynthetic 
gene cluster to act on other diterpenes found in rice (Swaminathan et al., 2009). Here we 
report broader investigation of the co-clustered CYP76M sub-family members for potential 
roles in rice diterpenoid metabolism more generally. This was initially examined by 
heterologous expression of the other three P450s (CYP76M5, 6, & 8) in Sf21 insect cell 
cultures, which were then fed a wider range of the ent-CPP (i.e, the product of the co-
clustered OsCPS2) derived diterpenes found in rice (i.e., ent-sandaracopimaradiene and ent-
pimaradiene). However, the only P450 that exhibited activity was CYP76M6, which was 
able to hydroxylate ent-sandaracopimaradiene, based on GC-MS analysis detection of a 
resulting diterpenoid alcohol (MW = 288 Da).  
 For further characterization, we turned to the modular metabolic engineering system 
we have previously developed (Cyr et al., 2007). For this purpose it was necessary to modify 
the N-terminal sequence of CYP76M6 for functional bacterial expression, much as 
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previously described (Swaminathan et al., 2009). With this recombinant CYP76M6 construct, 
upon co-expression with the requisite NADPH-cytochrome P450 reductase (CPR) redox 
partner from rice (OsCPR1) and the relevant diterpene synthases, it was possible to observe 
production of the same hydroxylated ent-sandaracopimaradiene observed in the insect cell 
culture expression experiment described above. Furthermore, co-expression of this modified 
CYP76M6 and OsCPR1 with other diterpene synthases (i.e., that make other diterpenes) 
unexpectedly demonstrated that CYP76M6 also hydroxylates syn-stemodene (Figure S4).  
 Encouraged by this result, we similarly modified the other co-clustered CYP76M sub-
family members, CYP76M5 and CYP76M8, and co-expressed these with various diterpene 
synthases to test their ability to elaborate the resulting diterpenes (i.e., all those found in rice 
– ent-sandaracopimaradiene, ent-pimaradiene, ent-isokaurene, ent-cassadiene, ent-kaurene, 
syn-pimaradiene, syn-stemodene, and syn-stemarene). While no activity was detected with 
the modified CYP76M5, the modified CYP76M8 was found to hydroxylate a wide range of 
diterpenes (i.e., syn-pimaradiene, ent-pimaradiene, ent-sandaracopimaradiene, ent-isokaurene, 
ent-kaurene, and ent-cassadiene)(Figures S5-10). Notably, with ent-cassadiene CYP76M8 
catalyzes the same C11 hydroxylation as the previously characterized CYP76M7, while 
with ent-sandaracopimaradiene CYP76M8 produces the same hydroxylated diterpenoid 
alcohol as CYP76M6.  
 As our results with other P450s indicated that complete gene recoding to optimize 
codon usage for expression in E. coli can significantly increase and even lead to activity 
when none was observed with the native gene sequence (Morrone et al., submitted-a; Wang 
et al., submitted), we had such a construct synthesized for CYP76M5, which we then further 
N-terminally modified as described above. With this rCYP76M5 it was possible to detect 
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some activity in the context of our metabolic engineering system. However, only relatively 
low levels of hydroxylated product were made, and only with ent-sandaracopimaradiene, 
forming the same diterpenoid alcohol produced by CYP76M6&8.  
 We have recently reported that CYP99A3 will react with syn-pimaradiene and syn-
stemodene to convert their C19 methyl group to a carboxylic acid (Wang et al., submitted). 
The analogous ability of CYP76M8 to hydroxylate syn-pimaradiene and CYP76M6 to 
hydroxylate syn-stemodene suggests the possibility that CYP99A3 and these CYP76M sub-
family members might act sequentially in rice diterpenoid metabolism. Accordingly, we tried 
feeding syn-pimadien-19-oic acid to CYP76M8 and syn-stemoden-19-oic acid to CYP76M6, 
as well as the CYP76M8 hydroxylated syn-pimaradiene and CYP76M6 hydroxylated syn-
stemodene to CYP99A3. However, in none of these assays was any further elaborated 
product detected.  
 
Identification of hydroxylated products 
 To obtain sufficient amounts of all of these hydroxylated diterpenoids for structural 
analysis by nuclear magnetic resonance (NMR), we first increased flux into terpenoid 
metabolism in the relevant recombinant E. coli. Specifically, we supplemented the 
endogenous methyl erythritol phosphate isoprenoid precursor supply pathway with the 
mevalonate dependent pathway, which significantly increases yield in our metabolic 
engineering system, as previously described (Morrone et al., 2010). This enabled production 
of multi-milligram amounts from reasonable quantities of these recombinant cultures (~3-L), 
with resulting diterpenoids extracted and then purified by HPLC. From the subsequent NMR 
analysis (see Supplemental Data), CYP76M6 catalyzes C7 hydroxylation of ent-
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sandaracopimaradiene and C6 hydroxylation of syn-stemodene, while CYP76M8 also 
catalyzes C7 hydroxylation of ent-sandaracopimaradiene, as well as ent-pimaradiene, along 
with C6 hydroxylation of syn-pimaradiene, but C7 hydroxylation of ent-isokaurene, and 
ent-kaurene. As noted above, CYP76M8 further catalyzes the same C11 hydroxylation of 
ent-cassadiene as CYP76M7, while CYP76M5 catalyzes the same C7 hydroxylation of ent-
sandaracopimaradiene as CYP76M6 & 8 (Figure 3).  
 
Enzymatic characterization of recombinant CYP76M6&8 
 It was possible to measure enzymatic activity in vitro with the modified CPY76M6 & 
8. Specifically, when these P450s were co-expressed with OsCPR1, clarified lysates of the 
resulting recombinant bacterial culture were able to efficiently catalyze the hydroxylation 
reactions identified above. This enabled steady-state kinetic analysis, with the resulting 
kinetic constants showed in Tables 1 and 2. While differences in expression level confound 
comparison of specific activity between these CYP76M sub-family members and CYP99A3, 
their affinity for common substrates (i.e., KM) can be compared. In particular, it is notable 
that the multifunctional CYP76M8 nevertheless exhibited significantly higher affinity for 
ent-cassadiene than CYP76M7 (4 versus 40 µM) and for ent-sandaracopimaradiene than 
CYP76M6 (2 versus 15 µM), but only slightly higher affinity for syn-pimaradiene than 
CYP99A3 (1 versus 3 µM). By contrast, CYP76M6 shows somewhat lower affinity for syn-
stemodene than CYP99A3 (14 versus 8 µM). It also is possible to compare the relative 
specific activity of individual P450s for different substrates. Accordingly, CYP76M6 shows 
somewhat higher activity with syn-stemodene than ent-sandaracopimaradiene, while the 
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relative rank order for CYP76M8 substrates is syn-pimaradiene > ent-sandaracopimaradiene > 
ent-cassadiene > ent-kaurene ~ ent-isokaurene ~ ent-pimaradiene.  
 
Physiological relevance of observed CYP76M6 & 8 activities 
 The physiological relevance of the various hydroxylated diterpenoid products 
observed here was investigated by LC-MS/MS metabolite analysis of methyl jasmonate 
induced and control (uninduced) rice leaves, using the characterized enzymatic products 
described above as authentic standards. While we only detected C6-hydroxyl-syn-
pimaradiene in induced rice extract (Table 3), along with the previously reported C11-
hydroxyl-ent-cassadiene, and C6-hydroxyl-syn-stemodene in uninduced rice leaves (Table 
4), it is important to note that such intermediates will only accumulate if the subsequent 
biosynthetic step is rate limiting. Thus, the other diterpenoid alcohol products may not be 
observed simply because they are quickly transformed to further elaborated products. 
Conversely, the observed diterpenoids may be metabolic dead-ends rather than biosynthetic 
intermediates.  
 
Mutational analysis of CYP76M8 
 Intrigued by the broad substrate range exhibited by CYP76M8 we undertook 
mutational analysis of this P450. These efforts were directed at the substrate recognition sites 
(SRS) thought to influence P450 specificity (Gotoh, 1992), particularly residues in SRS4 & 5 
that have demonstrated importance in plant P450 substrate recognition (Schalk and Croteau, 
2000; Sawada et al., 2002; Schoch et al., 2003; Takahashi et al., 2005; Takahashi et al., 2007). 
This allowed us to focus on five positions and, to define the range of allowable substitutions 
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in these positions, we aligned the SRS4 and 5 from CYP76M8 with that of the other sub-
family members found in rice (Figure 4), which led us to make a total of eight mutants. The 
substrate specificity of these CYP76M8 mutants was examined by co-expression with 
various diterpene synthases to test their ability to elaborate the resulting diterpenes (i.e., all 
those that CYP76M8 reacts with). From this analysis, only one mutant (CYP768:A366S) 
failed to exhibit any diterpene hydroxylase activity, while the other seven all exhibited 
appreciable activity against one or more diterpene (Table 5). Intriguingly, it is readily evident 
that the general effect of these mutations is to reduce the wide substrate range of CYP76M8. 
Most immediately striking is the effect of the V299A mutation, which only hydroxylates a 
single diterpene (i.e., ent-sandaracopimaradiene), albeit with what appears to be reduced 
activity. CYP76M8:A302G similarly exhibits increased substrate selectivity, reacting with 
only ent-isokaurene and ent-sandaracopimaradiene, but also with somewhat reduced activity. 
Other mutants exhibit analogous increases in diterpene substrate specificity with better 
retention of activity. In particular, CYP76M8:A302S retains good activity with ent-
sandaracopimaradiene, and CYP76M8:G365A with ent-cassadiene, but neither reacts well 
with any of the other tested diterpenes.  
DISCUSSION 
 Several of the diterpene hydroxylation reactions characterized here have plausible 
roles in rice diterpenoid metabolism (Figure 5). As previously discussed (Swaminathan et al., 
2009), the presence of a C11-keto group in all the phytocassanes indicates a role for the 
observed C11 hydroxylation of the ent-cassadiene diterpene precursor. Similarly, many of 
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the oryzalexins contain an oxy moiety at C7, either a  hydroxyl (oryzalexins B & D) or keto 
group (oryzalexins A & C), presumably arising from the observed C7 hydroxylation of the 
ent-sandaracopimaradiene precursor observed here. The observed CYP76M8 catalyzed C6 
hydroxylation of syn-pimaradiene might indicate a role in formation of the core 19,6-
lactone ring structure of the momilactones. However, CYP76M8 does not react with the syn-
pimaradien-19-oic acid product of CYP99A3, and nor does CYP99A3 react with C6-
hydroxyl-syn-pimaradiene (although both P450s exhibit good affinity for syn-pimaradiene, 
with KM ≤ 3 µM), leaving a role for CYP76M8 in momilactone biosynthesis in question. The 
relevance of the C6 hydroxylation of syn-stemodene observed here is not immediately clear, 
since the metabolism of this diterpene in rice is unknown. Nevertheless, the presence of C6-
hydroxyl-syn-stemodene in the rice metabolite pool does indicate some physiological 
relevance for this reaction. As the diterpenoids derived from ent-pimaradiene in rice also are 
enigmatic and the corresponding compound was not found in planta, the relevance of the 
observed C7 hydroxylation of this diterpene is uncertain. Finally, the observed C7 
hydroxylation of ent-(iso)kaurene is unlikely to be physiologically relevant, as the derived 
oryzalides/oryzadiones do not contain oxy moieties at this position.  
 In our previous report (Swaminathan et al., 2009), we hypothesized that CYP76M7 
was a physiologically relevant ent-cassadiene specific C11 hydroxylase based on its activity 
upon recombinant expression, as well as observation of the corresponding metabolite in 
planta. However, the results reported here put that interpretation into some doubt. CYP76M7 
& 8 presumably arose from a relatively recent tandem gene duplication event, as they are 
immediately adjacent each other and are the most closely related pair of CYP76M sub-family 
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members in the rice genome, with 91% identity between their amino acid sequences. This 
immediately suggests the potential for redundancy, and CYP76M8 does act as an ent-
cassadiene C11 hydroxylase. Indeed, CYP76M8 has a 10-fold higher affinity for ent-
cassadiene than does CYP76M7. Thus, the C11-hydroxyl-ent-cassadiene observed in 
induced rice leaves seems more likely to arise from the action of CYP76M8 than CYP76M7, 
which may indicate degenerative sub-functionalization of the latter.  
 The range of diterpene hydroxylation reactions catalyzed by CYP76M8 overlaps with 
not only that catalyzed by CYP76M7, but those of the closely related, homologous, and co-
clustered CYP76M5 & 6 as well. CYP76M5 exhibits very little diterpene hydroxylase 
activity at all, while CYP76M6 also has a significantly lower affinity for their common ent-
sandaracopimaradiene substrate than CYP76M8, although exhibits a similarly low affinity 
for the syn-stemodene substrate of the distinct reaction it does catalyze and which appears to 
be physiologically relevant. Accordingly, it might seem that CYP76M5-7 are largely 
redundant, degeneratively sub-functionalized duplicates of a multifunctional ancestral 
CYP76M sub-family member, presumably resembling CYP76M8, that was originally 
incorporated into the chromosome 2 gene cluster. The ease with which mutations reduce the 
range of CYP76M8 catalyzed reactions is consistent with such an evolutionary scenario. 
However, CYP76M5 & 6 are both significantly more distantly related to CYP76M8 than is 
CYP76M7, and nor are they much more closely related to each other (Table 6). Given such 
longer evolutionary separation, it would seem unlikely that CYP76M5 & 6 retained 
expression, particularly with the evolution of different transcriptional regulation in the case 
of CYP76M6, if they were not relevant. Thus, we hypothesize that at least CYP76M5 & 6 do 
have distinct roles in rice diterpenoid metabolism. That for CYP76M6 may simply be the 
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already noted neo-functionalization to catalysis of C6 hydroxylation of syn-stemodene, 
consistent with the similarity in the CYP76M6 transcription pattern with that of the relevant 
upstream OsKSL11 (i.e., neither seems to be inducible by fungal elicitor), and the 
observation of the resulting compound in the pool of metabolites from uninduced rice plants. 
The role of CYP76M5 is currently unclear, although it also remains possible that CYP76M5 
is simply no longer functional, it may be that it, along with any other of the CYP76M sub-
family members characterized here, acts further downstream on more elaborated diterpenoids 
rather than diterpenes.  
 The rice chromosome 2 diterpenoid biosynthetic gene cluster in which CYP76M5-8 
are found is unusual in several respects. While biosynthetic gene clusters are typically 
associated with a particular metabolic pathway leading to a specific natural product or small 
family of closely related compounds and, by extension, it is assumed that the enzymatic 
genes within these clusters are dedicated to the corresponding biosynthetic pathway 
(Fischbach et al., 2008; Osbourn and Field, 2009), neither appears to be true here. This gene 
cluster is associated with at least two metabolic pathways, i.e. those leading to the antifungal 
phytocassanes or the antibacterial oryzalides/oryzadiones families of diterpenoid 
phytoalexins. Specifically, while these pathways share the ent-CPP precursor produced by 
the OsCPS2 contained in this cluster (Otomo et al., 2004a; Prisic et al., 2004), the relevant 
secondary cyclization reactions are catalyzed by two of the three different, but also co-
clustered, OsKSL5-7. Specifically, OsKSL7, which produces the ent-cassadiene precursor to 
the phytocassanes (Cho et al., 2004), and OsKSL6, which produces the ent-isokaurene 
precursor to the oryzalides/oryzadiones (Kanno et al., 2006; Xu et al., 2007b). In addition, 
the activity of the co-clustered CYP76M sub-family members reported here, while applicable 
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to phytocassane biosynthesis, is not applicable to that of the oryzalides/orzyadiones, as these 
do not contain C7 modifications (i.e., the C7 hydroxylation of ent-(iso)kaurene mediated by 
CYP76M8). Instead, the results presented here indicate that some of these P450s function in 
pathways wherein at least some of the upstream enzymatic genes are not contained within 
this cluster. In particular, CYP76M5&6 do not react with any of the diterpenes that are 
produced by the co-clustered OsKSL5-7, instead reacting with the diterpenes produced by 
OsKSL10&11 (Otomo et al., 2004b; Morrone et al., 2006), which are located elsewhere in 
the rice genome. Indeed, while the ent-sandaracopimaradiene product of OsKSL10 is derived 
from the ent-CPP produced by the co-clustered OsCPS2, CYP76M6 also reacts with syn-
stemodene, for which neither of the relevant diterpene synthases (OsCPS4 and OsKSL11) are 
found in this chromosome 2 cluster. While the downstream metabolism of syn-stemodene in 
rice remains unknown, it seems likely that the observed C7 hydroxylation of ent-
sandaracopimaradiene (presumably mediated in planta by CYP76M8) is relevant to 
oryzalexin biosynthesis (Figure 5). Thus, in addition to a role in phytocassane production, the 
CYP76M sub-family members found in this cluster are likely to have roles in these “other” 
biosynthetic pathways (i.e., oryzalexin and syn-stemodene derived), but not the 
oryzadione/oryzalide pathway.  
 The implications of these deviations of the rice chromosome 2 diterpenoid 
biosynthetic gene cluster from the accepted norm provide some insight into the role of 
biosynthetic gene clusters in the metabolic evolution process of plants. As previously noted 
(Swaminathan et al., 2009), the difference in transcriptional regulation of the relevant (i.e., 
co-clustered) genes indicates that co-regulation was not a strong driving force in cluster 
assembly and/or selective pressure for its retention, suggesting co-inheritance as a primary 
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influence. Such reduction in importance of co-regulation is consistent with the large 
intergenic regions in plant biosynthetic gene clusters, which implies separate promoters for 
each of the co-clustered genes; particularly by comparison to the compact nature of the co-
regulated genes in microbial operons. However, it should be noted that suitably large-scale 
chromosomal effects have been shown in the case of the saponin triterpenoid biosynthetic 
gene cluster in oats (Wegel et al., 2009).  
 Nevertheless, because the genes in the known plant biosynthetic clusters are involved 
in more specialized/secondary metabolism (i.e., the end-product is not essential for normal 
plant growth and development), selective pressure for their retention requires inheritance of a 
complete metabolic pathway (i.e., for production of a natural product whose bioactivity is 
advantageous), while the production of intermediates with detrimental bioactivity is counter-
selective, providing dual “push-pull” forces for biosynthetic gene clustering. Critically, as 
long as some function in the cluster-encoded pathways is present, this does not rule out the 
incorporation and/or divergent evolution, along with retention, of multifunctional enzymes 
with role(s) in other pathways, at least in plants.  
 The results reported here highlight another difference between plant biosynthetic gene 
clusters and microbial operons. Horizontal gene/operon transfer limits the inclusion of 
enzymes with broad substrate range in microbial operons, as these would impose potentially 
deleterious effects on novel host metabolism. By contrast, the lack of horizontal gene transfer 
in plants provides an advantage for the incorporation and retention of enzymes with such 
broad substrate range, as their incorporation enables further metabolic evolution. In particular, 
the presence of a CYP with broad diterpene substrate range provides a means for immediate 
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elaboration of any such novel olefins (and potentially even downstream/elaborated 
compounds) that might arise through evolutionary change.  
 Strikingly, there seems to be an example of just such an event within the rice 
chromosome 2 gene cluster. OsKSL5 & 6 are derived from a recent tandem gene duplication 
event, wherein the ancestral gene presumably produced the ent-isokaurene precursor of the 
oryzadiones/oryzalides, with this function retained by OsKSL6, while OsKSL5 has 
undergone neo-functionalization and now produces ent-pimaradiene (Xu et al., 2007a), 
which is readily hydroxylated by the multifunctional CYP76M8.  
 Such elaboration imparts important functionality, as diterpene olefins typically 
exhibit relatively little bioactivity compared to oxygenated diterpenoids, which do not have 
to be heavily modified (e.g., the bioactive oryzalexins D-F are simply diterpenoid diols only 
two hydroxylation reactions removed from their diterpene precursor). Indeed, although 
subsequent divergent evolution cannot be ruled out, it seems likely that the ancestral 
CYP76M sub-family member that was incorporated into the chromosome 2 gene proto-
cluster had a broad substrate range (as discussed above). By tapping such latent metabolic 
plasticity, retention of which has been enhanced by incorporation into a biosynthetic gene 
cluster (e.g., here CYP76M8), rice has the capacity to readily evolve novel diterpenoid 
metabolism. Notably, our investigation of the substrate range of the OsKSL family 
emphasizes a parallel capacity for ready evolution of the production of novel diterpenes 
(Morrone et al., submitted-b). Thus, our investigation of rice diterpenoid natural products 
metabolism is consistent with the screening/diversity hypothesis that states evolution favors 
organisms capable of generating chemical diversity in order to screen/select for those few 
with potent biological activity (Firn and Jones, 2003; Fischbach and Clardy, 2007; Firn and 
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Jones, 2009), with the results reported here providing important insight into the interplay 
between biosynthetic gene clusters in plants and their continuing metabolic evolution.  
METHODS 
General procedures 
 Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Sequence analyses were done with the Vector NTI software package 
(Invitrogen). Determination of the presented gene map, with corresponding transcriptional 
pattern taken from published microarray data (Okada et al., 2007), along with the CYP 
nomenclature used here, has been previously described (Swaminathan et al., 2009). Gas 
chromatography (GC) was performed with a Varian (Palo Alto, CA) 3900 GC with Saturn 
2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode. Samples (1 µL) 
were injected in splitless mode at 50 °C and, after holding for 3 min. at 50 °C, the oven 
temperature was raised at a rate of 14 °C/min. to 300 °C, where it was held for an additional 
3 min. MS data from 90 to 600 m/z were collected starting 12 min. after injection until the 
end of the run. High performance liquid chromatography (HPLC) was carried out with 
Agilent 1100 series instruments, with LC-MS/MS analysis carried out by a coupled Agilent 
MSD ion trap mass spectrometer in positive ion mode on an instrument located in the Iowa 
State University W.M. Keck Metabolomics Research Laboratory. HPLC was carried using an 
Agilent ZORBAX Eclipse XDB-C8 column (4.6 x 150 mm, 5 μm) at a 0.5 mL/min flow rate. 
The column was pre-equilibrated with 20% acetonitrile/dH2O, sample loaded, then the 
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column washed with 20% acetonitrile/dH2O (0-2 min), and eluted with 20%-100% 
acetonitrile (2-7 min), followed by a 100% acetonitrile wash (7-27 min).  
 
Recombinant constructs 
 CYP76M5, 6 & 8 were obtained from the KOME rice cDNA databank (Kikuchi et al., 
2003). These native genes were cloned into the Gateway vector pENTR/SD/D-TOPO via 
directional topoisomerization and verified by complete gene sequencing. For insect cell 
expression these were then transferred to pDEST8. For functional bacterial expression, N-
terminal modification of these three genes was performed via a two-stage PCR process, first 
removing codons (39 codons for CYP76M5, 38 codons for CYP76M6, and 33 codons for 
CYP76M8) from the 5' end of the open reading frame, and then adding ten new codons 
(encoding the amino acid sequence “MAKKTSSKGK”) in each case. The resulting 
constructs were inserted into pENTR/SD/D-TOPO and again verified by complete gene 
sequencing. These were then transferred into a previously described pCDF-Duet (Novagen) 
derived vector, specifically into a DEST cassette contained in the first multiple cloning site, 
while the vector also contains a rice CPR (OsCPR1) in the second multiple cloning site 
(Swaminathan et al., 2009). CYP76M5 was completely recoded to optimize codon usage for 
E. coli expression via gene synthesis (Genscript), with this synthetic gene construct (see 
Supplemental Data for corresponding nucleotide sequence) N-terminally modified as 
described above.  
 
Recombinant expression 
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 Recombinant baculoviruses were created using pDEST8 constructs, and used to 
express the targeted CYP76M sub-family members in Sf21 insect cells. Microsomes or 
lysates were isolated from these recombinant cell cultures, and used for in vitro assays, all as 
previously described (Swaminathan et al., 2009).  
 All native and recoded P450 genes were recombinantly expressed in the C41 strain of 
E. coli (Lucigen, Middleton, WI) using our previously described modular diterpene 
metabolic engineering system (Cyr et al., 2007). Specifically, we co-expressed these CYP 
from the OsCPR1 co-expression constructs described above, with a GGPP synthase and CPS 
carried on co-compatible pGGxC vectors, and KSL expressed from the additionally co-
compatible pDEST14 or pDEST15 (i.e., use of pDEST15 enabled expression as a fusion to 
glutathione-S-transferase). Enzymatic products were extracted from liquid cultures (media 
and cells), typically 50-mL volumes grown for 72 hrs at 16 °C after induction, with an equal 
volume of hexane and analyzed by GC-MS. In every case, the expected diterpene olefin 
product (i.e., given the co-expressed diterpene synthases) was observed, with hydroxylated 
diterpenoids detected as described above.  
 
Diterpenoid production 
 To obtain the novel enzymatic products in sufficient amounts for NMR analysis, flux 
was increased into isoprenoid metabolism and the cultures also simply scaled up. To increase 
flux, the cultures were further transformed with pMBI vector encoding the bottom half of the 
mevalonate dependent isoprenoid precursor pathway (Martin et al., 2003), which is co-
compatible with those mentioned above, and 20 mM mevalonolactone fed to these 
recombinant cultures, as previously described (Morrone et al., 2010). The resulting 
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hydroxylated diterpenoids were extracted and purified as previously described (Swaminathan 
et al., 2009). Briefly, these compounds were produced in 3-L cultures, which were extracted 
with an equal volume of a 1:1 mixture of ethyl acetate and hexanes, and the organic extract 
then dried by rotary evaporation. The resulting residue was dissolved in 5 mL 45% 
methanol/45% acetonitrile/10% dH2O, and the hydroxylated diterpenoids purified by HPLC. 
Following purification, each compound was dissolved in 0.5 mL deuterated methanol 
(CD3OD; Sigma-Aldrich) or chloroform (CDCl3; Sigma-Aldrich), with this evaporation-
resuspension process repeated two more times to completely remove the protonated 
acetonitrile solvent, resulting in a final estimated ~5-10 mg of each novel diterpenoid.  
 
Chemical structure identification 
 NMR spectra for the diterpenoids were recorded at 25 °C on a Bruker Avance 500 
spectrometer equipped with a cryogenic probe for 
1
H and 
13
C. Structural analysis was 
performed using 1D 
1
H, 1D, DQF-COSY, HSQC, HMQC, HMBC and NOESY experiment 
spectra acquired at 500 MHz and 
13
C and DEPT135 spectra (125.5 MHz) using standard 
experiments from the Bruker TopSpin v1.3 software. All compounds were dissolved in 0.5-
mL of chloroform-d and placed in NR tubes for analyses, and chemical shifts were 
referenced using known chloroform-d (
13
C 77.23, 
1
H 7.24 ppm) signals offset from TMS 
(Tables S1-6). Correlations from the HMBC spectra were used to propose a partial structure, 
while connections between protonated carbons were obtained from DQF-COSY data to 
complete the partial structure and assign proton chemical shifts, which was particularly 
important for assigning the alcohol carbon to the C6 versus C7 position (Figures S1-3). The 
configuration of the A and B rings is predetermined by the configuration of the CPP 
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intermediate, since the ring structure was not altered. Nuclear Overhauser effect (NOE) 
signals between the C5 proton and the alcohol methine proton were used to assign the alpha 
or beta configuration of the C7 hydroxylation products (Figure S2). For the C6 hydroxylated 
products, all derived from syn-CPP, the beta configuration of the hydroxyl group was based 
on the lack of NOE signals between the C6 methine proton and the C5 and/or C9 methine 
protons typically observed and the C20 chemical shift observed for ent-sandacopimaradiene 
and ent-pimaradiene (0.695, 0.754ppm)(Figure S3). If the C6 hydroxyl group was in the 
alpha configuration the C20 methyl 
1
H signal would be at least 1.0 ppm, as observed for the 
ent-kaurene and ent-isokaurene CYP76M6/M8 alcohols due to slight de-shielding caused by 
the hydroxyl group.  
 
Kinetic analysis 
 Kinetic analysis of CYP76M6&8 was carried out much as previously described 
(Swaminathan et al., 2009). Briefly, these P450s were co-expressed with OsCPR1, using the 
constructs described above. These recombinant cultures were complemented with the 
addition of 1 mM thiamine, 5 mg/L riboflavin, and 75 mg/L -amino levulinic acid at the 
time of induction. The in vitro assays were carried out with clarified lysates from these 
cultures, with the resulting products confirmed by GC-MS, and quantified by GC with flame 
ionization detection.  
 
Metabolite analysis 
 Metabolite analysis of induced and control (i.e., uninduced) rice plants was carried 
out as previously described (Wang et al., submitted). Briefly, induction consisted of 
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treatment for 72 hrs with 1 mL of 0.2% methyl jasmonate per plant, while control plants were 
only treated with the 0.1% Tween 20 carrier solution. Frozen powdered leaf material (2 g) 
was extracted with 50 mL ethyl acetate, the clarified extract dried under nitrogen gas, and 
redissolved in 0.1 mL 50% methanol/water, from which 10 μL was injected for LC-MS/MS 
analysis. Purified compounds were easily detected and used to optimize selective MS/MS ion 
monitoring. Specifically, for C6-hydroxy-syn-pimaradiene and C6-hydroxy-syn-
stemodene, the base peak (m/z = 271 [MH-H2O]
+
) from the molecular ion (m/z = 289 [MH]
+
) 
was selected for further fragmentation, with the resulting mass spectra compared to that 
found in the rice leaf extracts at the same retention time.  
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FIGURES 
Table 1: CYP76M6 steady-state kinetic constants 
Substrate Vmax (*) KM (µM) Vmax/KM 
ent-
sandaracopimaradiene 
0.01±0.0006 15±4 0.0007 
syn-stemodene 0.02±0.002 15±4 0.0014 
*µmol product/mg protein/min 
 
Table 2: CYP76M8 steady-state kinetic constants 
Substrate Vmax (*) KM (µM) Vmax/KM 
ent-pimaradiene 0.09±0.004 11±2 0.008 
ent-isokaurene 0.09±0.005 11±4 0.009 
ent-cassadiene 0.09±0.003 3.6±0.7 0.025 
ent-
sandaracopimaradiene 
0.08±0.003 1.8±0.5 0.044 
ent-kaurene 0.09±0.005 8±3 0.012 
syn-pimaradiene 0.07±0.003 1.2±0.4 0.058 
*µmol product/mg protein/min 
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Table 3: LC-MS/MS analysis of C6-Hydroxy-syn-Pimaradiene in induced rice leaf 
extracts. 
Sample RT1 (min) MS (m/z, %) MS/MS Fragments (m/z, %) 
Standard 15.1-15.5 289(2), 
271(100) 
243(11), 229(20), 215(90), 201(68), 189(57), 175(100), 
163(85), 149(49), 136(16), 121(19), 109(48) 
Induced 
leaf 
extract 
15.2-15.3 289(1), 
271(100) 
243(9), 229(20), 215(85), 201(20), 189(36), 175(100), 
163(91), 149(55), 136(37), 121(28), 109(30) 
1
Retention time 
 
Table 4: LC-MS/MS analysis of C7-Hydroxy-syn-Stemodene in uninduced rice leaf 
extracts. 
Sample RT1 (min) MS (m/z, %) MS/MS Fragments (m/z, %) 
Standard 15.1-15.5 289(2), 
271(100) 
243(34), 229(30), 215(100), 201(44), 189(15), 175(36), 
163(22), 149(17), 136(22), 119(15), 109(27) 
Uninduced 
leaf 
extract 
15.4-15.5 289(5), 
271(100) 
243(45), 229(34), 215(100), 201(20), 189(25), 175(22), 
163(16), 149(10), 136(25), 119(23), 109(13) 
1
Retention time 
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Table 5: Mutagenesis analysis of CYP76M8  
 ent-
kaurene 
ent-
pimaradiene 
ent-
isokaurene 
ent-
cassadiene 
ent-
sandaracopimaradiene 
syn-
pimaradiene 
WT +++ ++ ++ +++ +++ +++ 
A297V +++ +++ +++ ++ +++ +++ 
V299A − − − − + − 
A302V ++ ++ + +++ +++ ++ 
A302S + + + + +++ − 
A302G − − + − + − 
G365A + − + ++ − − 
A366S − − − − − − 
A366P ++ +++ +++ ++ +++ + 
WT: wild type CYP76M8. Activity was defined by number of “+” or “−”. “+++”: over 80% diterpene 
substrates were converted to corresponding diterpenoid products; “++”: 50-80% conversion; “+”: 10-
50% conversion; “−”: less than 10% conversion or no conversion. 
 
Table 6: CYP76M5-8 amino acid sequence identity 
 CYP76M6 CYP76M7 CYP76M8 
CYP76M5 66 65 65 
CYP76M6 - 63 63 
CYP76M7 - - 91 
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Figure 1: Functional map of rice diterpenoid biosynthesis. The cyclases and corresponding 
reactions are indicated, along with the downstream natural products, where known. Thicker 
arrows indicate enzymatic reactions specifically involved in GA metabolism; dashed arrows 
indicate multiple enzymatic reactions. 
 
 
Figure 2: Schematic of the rice chromosome 2 diterpenoid biosynthetic gene cluster. Note 
that no other genes appear to be present in these regions. 
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Figure 3: Hydroxylation reactions catalyzed by CYP76M5-8 (ent-kaurene and ent-isokaurene 
differ only in double bond placement, exo- versus endo-cyclic, respectively – see also Figure 
1). 
 
 
Figure 4: Sequence comparison of substrate recognition sites (SRS) 4 and 5 in the rice 
CYP76M sub-family members (* indicates positions selected for mutagenesis). 
         SRS4                     SRS5  
CYP76M7  (288) NVVNMLFEAFVAGVDTMAL … (360) LHPVGALLLPHFA 
CYP76M8  (289) NVLNMLFEAFVAGADTMAL … (361) LHPVGALLLPHFA 
CYP76M14 (309) DVTAMLFEAFVAGGDTVAF … (383) LHSVGP-LLHHFA 
CYP76M5  (293) HVTTMLFEVFGAGSDTMSV … (362) LHPVGPILLPHRA 
CYP76M10 (292) DVTTVMFDAFGAGTDTISN … (364) LHPVAPILLPHRA 
CYP76M2  (288) DVTTIMFDVFGAGTDTIAI … (360) LHPVAPILLPHQA 
CYP76M3  (288) DVTTIMFDVFGAGTDTIAI … (360) LHPVAPILLPHQA 
CYP76M9  (290) YLTNILFDVFTAGSDTMSL … (362) LHPVAPVMLPRKA 
CYP76M13 (276) DVKILLFDILAAGTETTKI … (348) LHPVAPLLLPHLV 
CYP76M6  (295) HITYLLFDVFAAGADTMTT … (367) LHPVGSILVPHLA 
                       * *  *                  ** 
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Figure 5: The putative relationship of the reactions characterized here to rice diterpenoid 
phytoalexins biosynthesis. The dashed arrow indicates the multiple biosynthetic steps leading 
to indicated diterpenoid phytoalexins (?, unknown relevance of 6β-hydroxy-syn-pimaradiene 
to momilactone biosynthesis, as discussed in the text).  
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SUPPORTING INFORMATION 
Figure S1. CYP76M8 ent-(sandaraco)pimaradiene products. A) Numbering. B.) HMBC 
correlations.  
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Figure S2. CYP76M8 ent-(iso)kaurene products. A) Numbering. B.) HMBC correlations. C.) 
NOESY NOE correlations used to assign the C7 hydroxyl group configuration.  
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Figure S3. CYP76M8 syn-pimaradiene product and CYP76M6 syn-stemodene product. A) 
Numbering. B.) HMBC correlations. C.) NOESY NOE correlations used to assign the C6 
hydroxyl group configuration. 
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Table S1. 
1
H and 
13
C NMR assignments for 7-hydroxyl-ent-sandacopimaradiene. 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 39.37 
1.051(Wendt and 
Schulz), 1.680(dq) 4.0,12.8; 2.9,12.8 
2 19.20 1.450(m), 1.501(m)   
3 42.32 1.203(m), 1.412(m)   
4 33.08     
5 47.20 1.540(m)   
6 29.48 1.539(m), 1.765(m) 3.5,13.6; 2.0, 13.6 
7 73.65 4.189(t) 1.9 
8 139.70     
9 46.36 2.089(t) 8.2 
10 38.67     
11 18.50 1.389(m), 1.466(m)   
12 34.51 1.367(m), 1.453(m)   
13 37.62     
14 134.27 5.497(s)   
15 148.48 5.768(dd)  10.5; 17.5 
16 110.86 4.902(dd), 4.924(dd) 1.3, 10.5; 1.3, 17.5 
17 25.81 1.027(s)   
18 22.17 0.832(s)   
19 33.64 0.881(s)   
20 14.33 0.754(s)   
 
117 
 
 
Table S2. 
1
H and 
13
C NMR assignments for 7-hydroxyl-ent-pimara-8(14),15-diene. 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 39.21 1.026(m), 1.616(m)   
2 19.14 1.424(m), 1.493(m)   
3 42.32 1.195(m), 1.406(m)   
4 33.06     
5 47.25 1.540(m)   
6 29.56 
1.585(Wendt and 
Schulz), 1.775(td) 3.5,13.6; 2.0, 13.6 
7 73.42 4.234(t) 2.7 
8 141.26     
9 47.17 2.054(m)   
10 38.83     
11 18.76 1.285(m), 1.519(m)   
12 35.69 1.242(m), 1.551(m)   
13 38.73     
14 133.60 5.433(s)   
15 146.80 5.686(s)    
16 113.41 4.834(dd), 4.950(dd) 1.7, 17.4; 1.7, 10.5 
17 29.36 1.023(s)   
18 22.17 0.829(s)   
19 33.63 0.886(s)   
20 14.25 0.695(s)   
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Table S3. 
1
H and 
13
C NMR assignments for 7-hydroxyl-ent-kaurene. 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 40.46 
0.810(m), 1.785(Wendt 
and Schulz)  2.5, 13.0 
2 18.85 1.401(m), 1.618(m)   
3 42.19 1.177(m), 1.389(m)   
4 32.94     
5 46.58 1.411(m)   
6 27.82 1.630(m), 1.655(q) 2.4 
7 77.64 3.576(t) 2.8 
8 48.53     
9 50.76 1.402(m)   
10 39.41     
11 17.92 1.519(m), 1.558(m)   
12 33.85 1.480(m), 1.690(m)   
13 44.05 2.660(t) 4.3 
14 38.76 1.141(m), 1.846(m)   
15 45.53 2H, 2.236(m)    
16 155.40     
17 103.67 4.773(s), 4.800(s)   
18 21.85 0.801(s)   
19 33.62 0.845(s)   
20 17.64 1.010(s)   
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Table S4. 
1
H and 
13
C NMR assignments for 7-hydroxyl-ent-isokaurene. 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 40.55 
0.798(m), 1.767(Wendt 
and Schulz) 3, 13.1 
2 18.86 1.388(m), 1.601(m)   
3 42.28 
1.168(Wendt and 
Schulz), 1.874(m) 4.4, 13.2 
4 32.95    
5 46.29 1.350(m)   
6 27.22 1.322(m), 1.602(m)   
7 75.66 3.597(t) 2.6 
8 53.71    
9 44.26 1.272(m)   
10 39.75    
11 25.19 1.316(m), 1.417(m)   
12 29.49 1.337(m), 1.615(m)   
13 45.00 2.342(m)   
14 42.38 1.348(m), 1.911(d) 10.0 
15 130.00 5.465(s)    
16 144.21    
17 15.70 1.705(s)   
18 21.78 0.784(s)   
19 33.53 0.834(s)   
20 17.70 1.014(s)   
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Table S5. 
1
H and 
13
C NMR assignments for 6-hydroxyl-syn-pimara-7,15-diene. 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 39.40 1.152(m), 1.510(m)   
2 19.95 1.399(m), 1.693(m)   
3 46.80 1.183(m), 1.315(m)   
4 35.16     
5 49.68 1.214(m)   
6 66.25 4.362(m)   
7 124.13 5.416(d) 4.0 
8 140.70     
9 54.81 1.457(m)   
10 36.16     
11 25.95 1.189(m), 1.731(m)   
12 39.04 1.429(m), 1.469(m)   
13 40.28     
14 49.36 1.833(d), 2.019(m) 11.5 
15 151.20 5.800(dd)  12.7; 17.5 
16 109.92 4.820(d), 4.909(d) 12.7; 17.5 
17 22.32 1.296(s)   
18 33.60 1.026(s)   
19 25.89 1.296(s)   
20 25.62 1.209(s)   
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Table S6. 
1
H and 
13
C NMR assignments for 6-hydroxyl-syn-stemodene. 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 38.54 1.146(m), 1.562(m)    
2 19.10 1.359(m), 1.512(m)   
3 43.91 1.127(m), 1.341(m)   
4 34.41     
5 49.53 1.233(m)   
6 68.09 4.225(m)   
7 44.63 1.320(m), 1.919(ddd) 2.7, 6.8, 14.7 
8 35.05 2.140(m)   
9 51.33     
10 38.92     
11 32.04 1.542(m), 1.656(m)   
12 28.41 2.112(m), 2.324(m)   
13 155.68     
14 43.28 2.693(t) 6.6 
15 38.99 1.318(m), 1.817(q)  7.8 
16 37.88 1.236(m), 1.987(m)   
17 102.04 4.364(t), 4.442(t) 1.8 
18 35.09 0.963(s)   
19 25.12 1.238(s)   
20 22.61 1.253(s)   
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Figure S4: Hydroxylation of syn-stemodene by CYP76M6.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of syn-
stemodene and co-expressing CYP76M6 and rice CPR1 (1, syn-stemodene; 2, 6β-hydroxy-
syn-stemodene).  
(B): Mass spectra for peak 1 (syn-stemodene). 
(C): Mass spectra for peak 2 (6β-hydroxy-syn-stemodene). 
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Figure S5: Hydroxylation of ent-pimaradiene by CYP76M8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-
pimaradiene and co-expressing CYP76M8 and rice CPR1 (1, ent-pimaradiene; 2, 7β-
hydroxy-ent-pimaradiene).  
(B): Mass spectra for peak 1 (ent-pimaradiene). 
(C): Mass spectra for peak 2 (7β-hydroxy-ent-pimaradiene). 
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Figure S6: Hydroxylation of ent-isokaurene by CYP76M8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-
isokaurene and co-expressing CYP76M8 and rice CPR1 (1, ent-isokaurene; 2, 7α-hydroxy-
ent-isokaurene).  
(B): Mass spectra for peak 1 (ent-isokaurene). 
(C): Mass spectra for peak 2 (7α-hydroxy-ent-isokaurene). 
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Figure S7: Hydroxylation of ent-kaurene by CYP76M8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-kaurene 
and co-expressing CYP76M8 and rice CPR1 (1, ent-kaurene; 2, 7α-hydroxy-ent-kaurene).  
(B): Mass spectra for peak 1 (ent-kaurene). 
(C): Mass spectra for peak 2 (7α-hydroxy-ent-kaurene). 
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Figure S8: Hydroxylation of syn-pimaradiene by CYP76M8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of syn-
pimaradiene and co-expressing CYP76M8 and rice CPR1 (1, syn-pimaradiene; 2, 6β-
hydroxy-syn-pimaradiene).  
(B): Mass spectra for peak 1 (syn-pimaradiene). 
(C): Mass spectra for peak 2 (6β-hydroxy-syn-pimaradiene). 
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Figure S9: Hydroxylation of ent-sandaracopimaradiene by CYP76M6 or CYP76M8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-
sandaracopimaradiene and co-expressing CYP76M6 and rice CPR1 (1, ent-
sandaracopimaradiene; 2, 7β-hydroxy-ent-sandaracopimaradiene, RT (retention time) =17.53 
min).  
(B): GC-MS chromatogram of extract from E. coli engineered for production of ent-
sandaracopimaradiene and co-expressing CYP76M8 and rice CPR1 (1, ent-
sandaracopimaradiene; 3, 7β-hydroxy-ent-sandaracopimaradiene, RT =17.53 min).  
(C): Mass spectra for peak 1 (ent-sandaracopimaradiene). 
(D): Mass spectra for peak 2 (7β-hydroxy-ent-sandaracopimaradiene). 
(E): Mass spectra for peak 3 (7β-hydroxy-ent-sandaracopimaradiene). 
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Figure S10: Hydroxylation of ent-cassadiene by CYP76M7 or CYP76M8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-
cassadiene and co-expressing CYP76M7 and rice CPR1 (1, ent-cassadiene; 2, 11α-hydroxy-
ent-cassadiene, RT =18.24 min).  
(B): GC-MS chromatogram of extract from E. coli engineered for production of ent-
cassadiene and co-expressing CYP76M8 and rice CPR1 (1, ent-cassadiene; 3, 11α-hydroxy-
ent-cassadiene, RT =18.24 min).  
(C): Mass spectra for peak 1 (ent-cassadiene). 
(D): Mass spectra for peak 2 (11α-hydroxy-ent-cassadiene). 
(E): Mass spectra for peak 3 (11α-hydroxy-ent-cassadiene). 
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Chapter V: Characterization of a kaurene oxidase homolog CYP701A8 
with a role in diterpenoid phytoalexin biosynthesis and identification of 
oryzalexin E biosynthesis 
Manuscript in preparation and to be submitted to Journal of Biological Chemistry 
Qiang Wang, Matthew L. Hillwig, Reuben J. Peters* 
Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State University, 
Ames, Iowa 50011 
ABSTRACT 
         A tandem gene cluster related to GA biosynthesis in rice evolved complex regulatory 
expression pattern, in which two of five genes exhibited inducible expression in response to 
elicitation and might be involved in phytoalxin biosynthesis while without biochemical 
identification. We identified that one of these two genes, OsKOL4, encoded a cytochrome 
P450, CYP701A8, which catalyzed C3α hydroxylation of ent-kaurene and two others 
ditepenes, ent-cassadiene and ent-sandaracopimaradiene, precursors of phytocassane and 
oryzalexin respectively. Detection of C3α-hydroxy-ent-cassadiene and C3α-hydroxy-ent-
sandaracopimaradiene in rice tissue suggested physiological relevance of CYP701A8. In 
comparison to original OsKOL2 encoding kaurene oxidase for GA biosynthesis, OsKOL4 
evolved neo-regulatory and coding functions for phytoalexin biosynthesis but didn’t migrate 
to form functional gene units with other phytoalexin biosynthetic genes as potential 
limitation of genomic organization for important GA metabolism. We also found that C3α-
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hydroxy-ent-sandaracopimaradiene was converted to bioactive oryzalexin E by CYP76M6, 
which identified part of complex biosynthetic pathway of oryzalexin. Our results shed light 
on complex evolutionary mechanism in tandem gene cluster, which is the gene pool of plant 
secondary metabolism. 
INTRODUCTION 
         Gene duplication is the primary evolutionary force to develop new gene function for 
secondary metabolism in plant. Segment duplication and polyploidization in plant cause 
many duplicate gene loci widely. Arabidopsis and rice have up to 90% and 62% duplicated 
gene loci respectively (Bowers et al. 2003; Moore and Purugganan 2005). Mutations can 
accumulate in duplicated genes and are selected by evolutionary pressure to result in gene 
diversification, including redundancy, pseudogenization, sub- or neo-funcationalization. 
Although a few functional gene clusters composed of specialized biosynthetic genes without 
homology have been reported in plants and involved in secondary metabolism (Frey et al. 
1997; Qi et al. 2004; Shimura et al. 2007; Field and Osbourn 2008; Swaminathan et al. 2009), 
tandem gene clusters are still the primary gene pools for functional evolution of plant 
metabolism. However, the evolutionary mechanism and gene function of most tandem gene 
clusters remain unclear. 
          Rice (Oryza sativa) produces six groups of phytoalexins in response to microbial 
infection, including fungi (e.g., the blast pathogen Magnaporthe grisea) and bacteria (e.g., 
the leaf blight pathogen Xanthomonas campestris) (Peters 2006). Most of these phytoalexins 
are labdane-related diterpenoids except sakuranetin. Biosynthesis of these diterpenoid 
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phytoalexins is initiated by sequential cyclization reactions. Specifically, universal 
diterpenoid precursor, (E,E,E)-geranylgeranyl diphosphate (GGPP) is cyclized by 
copalyl/labdadienyl diphosphate synthases (CPS) and followed by further cyclization to form 
diterpene olefin catalyzed by Class I diterpene synthases, which is often termed kaurene 
synthase like (KSL) based on their similarity to the presumably ancestral kaurene synthase 
from gibberellin phytohormone metabolism. Diterpene olefins are further elaborated by 
cytochrome P450 (CYP) mono-oxygenases to insert the oxidative moieties for production of 
the bioactive diterpenoid phytoalexins. 
         A tandem gene cluster in rice has been reported to be related with GA metabolism (Itoh 
et al. 2004). This tandem gene cluster is located on chromosome 6 of rice and contains five 
homologs of rice kaurene oxidase genes. These five genes are divided to two groups based on 
phylogenetic analysis: one group is OsKOL1-3, and another one is OsKOL4 and 5. Besides 
the pseudo gene, OsKOL3, OsKOL1 and 2 are related to GA metabolism; OsKOL2 encodes a 
kaurene oxidase, CYP701A6, the rate-limited enzyme in GA biosynthesis (Ko et al. 2008), 
OsKOL1is a redundant gene and has different expression location from OsKOL2. OsKOL4 
and 5 are not related to GA metabolism and cannot rescue the dwarf phenotype. Additionally, 
both of OsKOL4 and 5 exhibited inducible expression pattern in response to elicitation or UV 
irradiation, which implicated the involvement in phytoalexin biosynthesis but lack of proof 
of function identification. 
         Here we identified the function of OsKOL4 and found that its encoding P450, 
CYP701A8, carried out C3α hydroxylation for three diterpenes from rice, ent-kaurene, ent-
cassadiene and ent-sandaracopimaradiene. C3-oxy moiety is universal in diterpenoid 
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phytoalexin of rice and C3α-hydroxy-ent-sandaracopimaradiene has been reported to be 
converted to oryzalexin D and E by putative P450s (Kato et al. 1995). We used C3α-
hydroxy-ent-sandaracopimaradiene produced by CYP701A8 as substrate and found that it 
could be converted to bioactive oryzalexin E by CYP76M6. Our investigation suggested 
putative bifurcated biosynthetic pathway of phytocassane and oryzalexin, also shed light on 
evolutionary mechanism and genomic organization of tandem gene cluster. 
RESULTS 
Recombinant Expression 
         Because the homology of CYP701A8&9 with rice kaurene oxidase, 
OsKOL2/CYP701A6, we attempted to identify their biochemical activities against rice 
diterpenes besides ent-kaurene, the substrate of OsKOL2/CYP701A6. No catalytic activity 
was observed with any tested ditepenes through insect cell or bacterial expression system. 
Nor was activity detected with N-terminal modified native CYP701A8&9, with co-
expression with OsCPR1 in E.coli. 
        Codon optimization has been reported to increase expression efficiency of P450s 
(Chang et al. 2007). Our lab also has successful experiences on plant P450s expression in 
E.coli with codon optimization (Morrone et al. 2010a; Wang et al. 2010a). We recoded the 
full sequences of CYP701A8&9 with codon usage for E.coli expression. The full length and 
N-terminal modified rCYP701A8&9 were tested for catalytic activities using our bacterial 
metabolic engineering system. N-terminal modified rCYP701A8 exhibited hydroxylation 
activity against three diterpenes (ent-kaurene, ent-cassadiene, ent-sandaracopimaradiene) 
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(Figure 1, 2, 3) with reasonable conversion of diterpene olefin to hydroxyl diterpenoid 
(MW=288 Da) based on GC-MS analysis. No activity was observed for full length 
rCYP701A8 and full length or N-terminal modified rCYP701A9. 
Products Identification of rCYP701A8 
         As we reported before (Swaminathan et al. 2009), scale-up metabolic engineering 
system was utilized for production of new diterpenoid alcohol mentioned above. NMR 
analysis showed that rCYP701A8 catalyzed the C3α hydroxylation of those three tested 
ditepenes (ent-cassadiene, ent-sandaracopimaradiene and ent-kaurene) (Figure 4). C3-oxy 
moiety exists in most phytocassanes and oryzalexins and C3α-hydroxy-ent-
sandaracopimaradiene has been isolated from blast fungus infected rice (Kato et al. 1995), 
which suggested that CYP701A8 might be involved in early oxidative steps of phytocassanes 
and oryzalexins biosynthesis. 
Feeding Experiment 
         C3α-hydroxy-ent-sandaracopimaradiene has been isolated from rice tissue infected by 
blast fungal pathogen and could be converted to oryzalexin D and E by putative P450s in rice 
(Kato et al. 1995). We fed C3α-hydroxy-ent-sandaracopimaradiene and C3α-hydroxy-ent-
cassadiene into bacterial culture co-expressing rice P450s with OsCPR1 and detected the 
organic extract by GC-MS. A dihydroxylated diterpenoid (MW=304 Da) was detected from 
CYP76M6-OsCPR1 co-expression culture feeding with C3α-hydroxy-ent-
sandaracopimaradiene (Figure 5). No further elaboration of C3α-hydroxy-ent-cassadiene was 
observed by any tested P450s. 
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Diol Product Identification 
         We have found that CYP76M6 can carry out the C7β hydroxylation of ent-
sandaracopimaradiene before (Wang et al. 2010c), which suggested the diol diterpenoid 
described above would be oryzalexin D with C3α, 7β double hydroxylation. However, we 
don’t have the standard compound of oryzalexin D for comparison by GC-MS. We modified 
our metabolic engineering system for co-expression of two P450s in one bacterial strain and 
tried to produce sufficient diol diterpenoid for NMR structure. In the co-expression culture of 
rCYP701A8 and CYP76M6, we detected the diol diterpenoid besides C3α-hydroxy-ent-
sandaracopimaradiene and C7β-hydroxy-ent-sandaracopimaradiene (Figure 6). NMR 
analysis showed that the diol diterpenoid was C3α, 9β-hydroxy-ent-sandaracopimaradiene, or 
oryzalexin E (Figure 7), which was not our predicted oryzalexin D.  
Enzymatic Characterization  
         The kinetic parameters of rCYP701A8 were determined with three substrate ditepenes, 
ent-kaurene, ent-cassadiene, ent-sandaracopimaradiene using previous procedures 
(Swaminathan et al. 2009). rCYP701A8 exhibited reasonable kinetic parameters of all three 
substrates (Table 1). CYP76M6 was co-expressed with OsCPR1 in E.coli for measurement of 
catalytic property against C3α-hydroxy-ent-sandaracopimaradiene and exhibited higher 
affinity and specific activity than ent-sandaracopimaradiene (KM = 10.9±4.4 µM, Vmax = 
0.06±0.006 μmol product/mg protein/min) as reported before (Wang et al. 2010c).  
Physiological Relevance Analysis 
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         We have combined HPLC and GC-MS to detected P450 products in rice before (Wang 
et al. 2010a). Same strategy was used to analyze the physiological relevance of enzymatic 
products in this study. C3α-hydroxy-ent-sandaracopimaradiene and C3α-hydroxy-ent-
cassadiene were detected in the same fraction from induced rice tissue (Figure 8).  We also 
detected oryzalexin E in induced rice tissue extract from more polar fraction (Figure 9). All 
of three diterpenoids were not detected in uninduced rice tissue extract. Detection of C3α-
hydroxy-ent-sandaracopimaradiene and oryzalexin E in induced rice tissue extract are 
consistent with previous report (Kato et al. 1995).   
DISCUSSION 
         We identified the function of one homolog of rice KO and found that 
CYP701A8/OsKOL4 catalyzed C3α hydroxylation of ent-cassadiene and ent-
sandaracopimaradiene, which indicted its involvement in phytoalexin biosynthesis in rice and 
is consistent with previous report (Kato et al. 1995). Because of the universality of C3α-oxy 
moiety in phytocassane and oryzalexin, C3α hydroxylation might be the early oxidative step 
of biosynthetic pathway of these two diterpenoid phytoalexins. We detected C3α-hydroxy-
ent-sandaracopimaradiene in induced rice tissue extract, which matched previous report 
(Kato et al. 1995). CYP76M6 catalyzed formation of oryzalexin E from C3α-hydroxy-ent-
sandaracopimaradiene, which also is constant with literature while we didn’t observe 
formation of oryzalexin D from C3α-hydroxy-ent-sandaracopimaradiene (Kato et al. 1995). 
The P450 that is responsible for oryzalexin D biosynthesis from C3α-hydroxy-ent-
sandaracopimaradiene might be different from CYP76M6 because they have been reported to 
exhibit different kinetic properties under P450 inhibitor treatment (Kato et al. 1995). We 
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have found that CYP76M6 catalyzed the C7β hydroxylation of ent-sandaracopimaradiene; 
however, it exhibited the C9β hydroxylation against C3α-hydroxy-ent-sandaracopimaradiene 
to form oryzalexin E. The C3α hydroxyl group might form hydrogen bonds with H2O 
molecules in catalytic pocket of CYP76M6 and result in the C9 not C7 adjacency to iron 
atom of heme ring and get hydroxylation. CYP76M6 exhibited higher affinity with C3α-
hydroxy-ent-sandaracopimaradiene and ~8 folds catalytic activity than that of ent-
sandaracopimaradiene. Additionally, C7β hydroxylation of ent-sandaracopimaradiene of 
CYP76M6 is redundant sun-functionalization from the multi-functional CYP76M8. 
CYP76M6 might play flexible role in oryzalexin biosynthesis and be involved in its 
bifurcated biosynthetic pathway. One of the bifurcated pathways might start from the C7β 
hydroxylation of ent-sandaracopimaradiene catalyzed by redundant CYP76M5, 6&8 and get 
further C3α hydroxylation to form oryzalexin D, which could be converted to oryzalexin A, 
B, and C by further oxidation at C3 or C7 or both positions catalyzed by dehydrogenases as 
other similar reaction happened for momilactone A biosynthesis. Even though we didn’t 
detect the C3α hydroxylation of C7β-hydroxy-ent-sandaracopimaradiene catalyzed by 
CYP701A8, other P450s could catalyze this reaction. Another bifurcated pathway of 
oryzalexin biosynthesis could begin at formation of C3α-hydroxy-ent-sandaracopimaradiene 
and further hydroxylation at C7, C9, or C19 to produce oryzalexin D, E and F respectively. 
Oryzalexin E formation from C3α-hydroxy-ent-sandaracopimaradiene was identified in this 
study.  Production of oryzalexin D from C3α-hydroxy-ent-sandaracopimaradiene has been 
reported to be catalyzed by P450s and could derive oryzalexin A, B and C just as described 
above. Because we have reported the C19 oxidation of syn-pimaradiene catalyzed by 
CYP99A3 (Wang et al. 2010a), the similar hydroxylation at C19 of C3α-hydroxy-ent-
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sandaracopimaradiene might be carried out by P450s. The bifurcated biosynthetic pathways 
of oryzalexin probably have different initial points and share the further pathways from 
oryzalexin D to oryzalexin A, B, and C, which might indicate flexible defense mechanism in 
rice.   
           C3-oxy and C11-carbonyl moieties exist in all phytocassane. We have reported that 
CYP76M7&8 catalyzed the C11α hydroxylation of ent-cassadiene (Swaminathan et al. 2009; 
Wang et al. 2010c), and C3α hydroxylation of ent-cassadiene catalyzed by CYP701A8 was 
investigated in this study. Both of C11α-hydroxy-ent-cassadiene and C3α-hydroxy-ent-
cassadiene were detected in rice tissue extracts. These results suggest that phytocassane 
could be produced by bifurcated metabolic pathways in rice too. Bifurcated biosynthetic 
pathways of phytocassane probably start from C3α or C11α hydroxylation to form two 
intermediates described above, and further elaboration might be carried out by P450s or 
dehydrogenases to produce final bioactive phytocassanes.  Putative bifurcated biosynthetic 
pathways of oryzalexins and phytocassane evolved in response to variety of pathogen 
infections. 
           OsKOL4 is located on tandem gene cluster related to GA biosynthesis. Previous 
reports have analyzed expression patterns of these five KOL genes and identified the 
biochemical function of OsKOL2, which encodes kaurene oxidase, CYP701A6, to produce 
kaurenoic acid (Itoh et al. 2004; Ko et al. 2008). This tandem gene cluster is originated from 
single ancestor gene related to GA metabolism through gene duplication and diversification. 
First duplication resulted in two groups of genes and neo-functionalization took place on one 
group of gene with gain of regulatory sub-function. OsKOL4&5 exhibited inducible 
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expression in comparison to OsKOL1-3 with treatment of elicitor or UV irradiation (Itoh et al. 
2004), which implicated the first gene duplication and gain of regulatory sub-function. 
Second duplication happened in these two groups of genes respectively and resulted in 
current tandem gene cluster after complex gene evolution. OsKOL3 got degeneration to 
become a pseudogene and OsKOL1 accumulated mutations in regulatory region and resulted 
in redundant sub-functionalization with different expression locations in comparison to 
OsKOL2 (Itoh et al. 2004). Only OsKOL2 remained the original function and regulatory 
mechanism. OsKOL4 not only accumulated mutation in regulatory region but also functional 
domain and got new inducible expression pattern and coding function. Positive mutation in 
OsKOL4 functional domain resulted in C3α hydroxylation of ent-kaurene catalyzed by 
CYP701A8, which is different from original C18α oxidation activity of OsKOL2/CYP701A6. 
Mutations on catalytic cavity also resulted in flexible substrate selectivity of 
OsKOL4/CYP701A8, which catalyzed C3α hydroxylation of ent-cassadiene and ent-
sandaracopimaradiene and was involved in phytoalexins biosynthesis. We speculate that gain 
of inducible regulatory function of OsKOL4&5 in first round of gene duplication might be 
helpful for accumulation of positive mutations related to phytoalexins biosynthesis in second 
round of gene duplication. Even though OsKOL4&5 exhibited inducible expression in 
response to elicitation, they expressed at different time point after elicitation (Itoh et al. 2004), 
which implicated different function or regulatory mechanism between them. We didn’t found 
that OsKOL5/CYP701A9 catalyzed the same reactions as that of OsKOL4/CYP701A8 or 
other similar reaction; however, it could be involved in phytoalexins biosynthesis by 
catalyzing later oxidative reactions. Because of the tight relationship with GA biosynthesis, 
this tandem KO gene cluster is limited for gene migration and result in that OsKOL4 and 5 
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could not migrate to form co-regulated biosynthetic related gene cluster with other genes 
involved in phytoalexin biosynthesis. Furthermore, previous report also suggested neo-
functionalization could be theoretically unlikely in tandem-linked duplicate loci (Lynch et al. 
2001); our study demonstrated neo-functionalization in this KOL tandem gene cluster and 
implicated much more complicated evolutionary mechanisms needed to be investigated 
carefully in the future.  
METHODS 
General procedure 
 Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Gene mapping was based on the annotated rice genome sequence at 
GenBank. CYP nomenclature was determined via BLAST searches at the Cytochrome P450 
Homepage maintained by Dr. David Nelson 
(http://drnelson.utmem.edu/CytochromeP450.html). Gas chromatography (GC) was 
performed with a Varian (Palo Alto, CA) 3900 GC with Saturn 2100 ion trap mass 
spectrometer (MS) in electron ionization (70 eV) mode. Samples (1 µL) were injected in 
splitless mode at 50°C and, after holding for 3 min. at 50°C, the oven temperature was raised 
at a rate of 14°C/min. to 300°C, where it was held for an additional 3 min. MS data from 90 
to 600 m/z were collected starting 12 min. after injection until the end of the run. HPLC was 
carried out with an Agilent 1100 series instrument equipped with fraction collector and diode 
array detector. HPLC eluting procedure is: 20% acetonitrile/dH2O (0-2 min), 20%-100% 
acetonitrile (2-7 min), followed by a 100% acetonitrile wash (7-27 min). 
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Recombinant constructs 
           CYP701A8&9 were obtained from the KOME rice cDNA databank (Kikuchi et al. 
2003) and transferred into the Gateway vector pENTR/SD/D-TOPO and then recombined the 
insect cell expression vector pDEST8 ready for insect cell expression. N-terminal 
modification of these two genes was performed in a two-stage PCR process for functional 
bacterial expression, first removing codons (CYP701A8, 42 amino acids; CYP701A9, 36 
amino acids) from the 5' end of the open reading frame and then adding ten new codons 
(encoding the amino acid sequence “MAKKTSSKGK”). The resulting construct was inserted 
into pENTR/SD/D-TOPO and then recombined into pCDF Duet DEST vector containing a 
rice CPR (OsCPR1) at the second multiple cloning site as described (Swaminathan et al. 
2009). Both of CYP701A8&9 were completely recoded to optimize codon usage for E. coli 
expression via gene synthesis (Genscript) and got the same N-terminal modification as native 
gene for bacterial expression. 
 
Recombinant expression 
            Recombinant expression of P450s in Sf21 insect cells were carried out as previously 
described (Swaminathan et al. 2009). Microsomes or lysates were used for in vitro assays, 
again as previously described (Swaminathan et al. 2009). The organic extract of assays was 
analyzed for enzymatic products by GC-MS.  
           All native and recoded P450 genes and their N-terminal modified variants were 
expressed in E. coli using our previously described modular diterpene metabolic engineering 
system (Cyr et al. 2007). Specifically, these CYPs were co-expressed with OsCPR1 as co-
expression constructs described above, and with a GGPP synthase and CPS carried on co-
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compatible pGGxC vectors, and OsKSL expressed from the additionally co-compatible 
pDEST14 or pDEST15 (i.e., for expression as a fusion to GST). Enzymatic products were 
analyzed by GC-MS as hexane extract from cultures as well as the expected diterpene olefin 
product (i.e., given the co-expressed diterpene synthases).  
 
Diterpenoid production 
          The novel enzymatic products were obtained in sufficient amounts for NMR analysis 
by incorporation of pMBI, which encodes the bottom half of the mevalonate dependent 
isoprenoid precursor pathway from yeast, to increase precursor availability and scale up 
culture growth with feeding of 20 mM mevalonolactone, as previously described (Morrone et 
al. 2010b). The resulting diterpenoids were extracted from 3 L of culture (media and cells) 
with an equal volume of a 1:1 mixture of ethyl acetate and hexanes and purified by HPLC as 
described before (Swaminathan et al. 2009). Pure diterpenoids (5~10mg) were dried under 
N2 gas and dissolved in 0.5 mL deuterated methanol (CD3OD; Sigma-Aldrich) for NMR 
analysis.  
 
Feeding experiment 
           Feeding experiment was carried out using CYP76M6 expressed in E. coli C41 cells 
using the OsCPR1 co-expression construct as described above. Expression cultures were 
grown in TB medium and induced with 1 mM IPTG upon reaching an A600 of 0.8-1.0, and 
complemented with addition of 1 mM thiamine, 5 mg/L riboflavin, and 75 mg/L 5-
aminolevulinic acid at this time as well. 100 µg C3α-hydroxy-ent-sandaracopimaradiene or 
C3α-hydroxy-ent-cassadiene dissolved in 50µL methanol was fed in culture at induction. 
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After 72 hours at 16°C, the culture was extracted with an equal volume of a 1:1 mixture of 
ethyl acetate and hexanes twice. Organic extract was dried by rotary evaporation and 
dissolved in 100 µL hexanes for GC-MS analysis. 
 
Diol diterpenoid production 
            We recombined OsKSL10 into pCDF Duet DEST vector containing a rice CPR 
(OsCPR1) as described above. Another compatible Duet Vector, pET Duet vector with 
carbenicillin selected marker was introduced (Novagen) and a DEST cassette was then 
inserted into the first multiple cloning site using the XbaI and NcoI restriction sites to create 
pET Duet DEST vector. rCYP701A8 was recombined into the first multiple cloning site of 
pET Duet DEST vector from pENTR/SD/D-TOPO. CYP76M6 was inserted at the second 
multiple cloning site of this pET Duet DEST vector using the NdeI and XhoI restriction sites. 
Following our metabolic engineering procedure, the pCDF Duet construct containing 
OsKSL10 and OsCPR1 was co-expressed in E. coli C41 cells with pET Duet construct 
containing rCYP701A8 with CYP76M6 and pGGeC carrying a GGPP synthase and ent-CPP 
synthase. Scaled-up metabolic engineering was carried out as above. After same extraction 
and HPLC purification, the diol diterpenoid was dissolved in 0.5 mL deuterated methanol 
(CD3OD; Sigma-Aldrich) for NMR analysis. 
 
Chemical structure identification 
            NMR spectra for the diterpenoids were recorded at 25 °C on a Bruker Avance 500 
spectrometer equipped with a cryogenic probe for 
1
H and 
13
C.  Structural analysis was 
performed using 1D 
1
H, 1D, DQF-COSY, HSQC, HMQC, HMBC and NOESY experiment 
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spectra acquired at 500 MHz and 
13
C (125.5 MHz) and DEPT135 spectra using standard 
experiments from the Bruker TopSpin v1.3 software. All compounds were dissolved in 
0.5mL of methanol-d and placed in NMR tubes purged with nitrogen gas for analyses, and 
chemical shifts were referenced using known methanol-d (
13
C 49.15(7), 
1
H 3.31(5) ppm (m)) 
signals offset from tetramethylsilane. Correlations from the HMBC spectra were used to 
propose a partial structure, while COSY correlations between protonated carbons and HSQC 
spectra were used to complete the partial structure and assign proton chemical shifts. The 
configuration of the A and B rings (C1-C10) is predetermined by the configuration of the 
CPP enzyme substrate, since chemical bonds in that portion of the molecule are not altered. 
For 3, 7-hydroxy-ent-sandaracopimaradiene, the tertiary alcohol on C9 was confirmed 
using a DEPT 135 experiment that proved C9 (75.92 ppm) was quaternary.  Nuclear 
Overhauser effect (NOE) signals observed between the C5 proton and the alcohol methine 
proton were used to assign the alpha (R) configuration of the C3 hydroxyl group (Table S1-
S4). 
 
Kinetic analysis 
          Kinetic analysis was carried out using CYP76M6 or rCYP701A8 expressed in E. coli 
C41 cells using the OsCPR1 co-expression construct described above. Expression cultures in 
TB medium were induced with 1 mM IPTG at A600 of 0.8-1.0, with complementation of 1 
mM thiamine, 5 mg/L riboflavin, and 75 mg/L 5-aminolevulinic acid. After 72 hours at 16°C, 
the cells were harvested and clarified lysates prepared for in vitro kinetic assays, but 
otherwise carried out as previously described (Swaminathan et al. 2009). Products were 
confirmed by GC-MS, and quantified by GC-FID. 
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Metabolite analysis 
            Rice plants (Orzya sativa L. ssp. Nipponbare) were cultivated in growth chambers 
under 12 hr light (28°C) and 12 hr dark (24°C) cycles to the 6th leaf stage. For induction, 
plants were treated with 1 mL 0.2% (v/v) methyl jasmonate per plant, while 
control/uninduced plants were only treated with the 0.1% Tween 20 carrier solution, and all 
plants then incubated (separately) for 72 hrs. The leaves were then clipped off (2 g) and 
extracted with 50 mL ethyl acetate by stirring overnight at room temperature as before(Wang 
et al. 2010a). The ethyl acetate extract was dried under nitrogen gas and redissolved in 0.2 
mL 50% methanol/water for fractionation by HPLC using the same methods described 
before(Wang et al. 2010a). Fractions were collected between 8-23 min of retention time over 
1 min intervals. These fractions were dried under a gentle stream of N2 gas, redissolved in 
100 µL hexanes and analyzed by GC-MS. 
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FIGURE 
Table 1: rCYP701A8 steady-state kinetic constants 
Substrate Vmax (*) KM (µM) Vmax/KM  
ent-cassadiene  0.09±0.002  0.9±0.2  0.1  
ent-sandaracopimaradiene  0.09±0.003  2.3±0.8  0.04  
ent-kaurene  0.14±0.006  3.5±1.3  0.04  
*μmol product/mg protein/min 
 
Figure 1: Hydroxylation of ent-kaurene by CYP701A8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-kaurene 
and co-expressing rCYP701A8 and rice CPR1 (1, ent-kaurene; 2, 3α-hydroxy-ent-kaurene).  
(B): Mass spectra for peak 1 (ent-kaurene). 
(C): Mass spectra for peak 2 (3α-hydroxy-ent-kaurene). 
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Figure 2: Hydroxylation of ent-cassadiene by CYP701A8. 
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-
cassadiene and co-expressing rCYP701A8 and rice CPR1 (1, ent-cassadiene; 2, 3α-hydroxy-
ent- cassadiene).  
(B): Mass spectra for peak 1 (ent-cassadiene). 
(C): Mass spectra for peak 2 (3α-hydroxy-ent-cassadiene). 
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Figure 3: Hydroxylation of ent-sandaracopimaradiene by CYP701A8.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent- 
sandaracopimaradiene and co-expressing rCYP701A8 and rice CPR1 (1, ent- 
sandaracopimaradiene; 2, 3α-hydroxy-ent- sandaracopimaradiene).  
(B): Mass spectra for peak 1 (ent- sandaracopimaradiene). 
(C): Mass spectra for peak 2 (3α-hydroxy-ent- sandaracopimaradiene). 
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Figure 4: CYP701A8 catalyzed reactions.  
(A) Hydroxylation of ent-cassadiene to 3α-hydroxy-ent-cassadiene. 
(B) Hydroxylation of ent-sandaracopimaradiene to 3α-hydroxy-ent-sandaracopimaradiene. 
(C) Hydroxylation of ent-kaurene to 3α-hydroxy-ent-kaurene. 
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Figure 5: Hydroxylation of 3α-hydroxy-ent-sandaracopimaradiene by CYP76M6 through 
feeding experiment. 
(A): GC-MS chromatogram of extract from E. coli co-expressing CYP76M6 and rice CPR1 
with feeding 3α-hydroxy-ent-sandaracopimaradiene (1, 3α-hydroxy-ent-
sandaracopimaradiene; 2, oryzalexin E). 
(B): Mass spectra for peak 2 (oryzalexin E). 
 
Figure 6: Production of oryzalexin E through metabolic engineering. 
GC-MS chromatogram of extract from E. coli engineered for production of ent- 
sandaracopimaradiene and co-expressing CYP76M6, rCYP701A8 and rice CPR1 (1, ent- 
sandaracopimaradiene; 2, 7β-hydroxy-ent- sandaracopimaradiene; 3, ent-copalol; 4, 3α-
hydroxy-ent-sandaracopimaradiene; 5, oryzalexin E ). 
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Figure 7: CYP76M6 catalyzed formation of oryzalexin E from 3α-hydroxy-ent   -
sandaracopimaradiene.  
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Figure 8: Detection of 3α-hydroxy-ent-cassadiene and 3α-hydroxy-ent-sandaracopimaradiene 
in induced rice tissue. 
(A): Extracted GC-MS chromatogram of fractionated induced rice leaf extract (1, RT=17.91 
min; 2, RT=18.65 min). 
(B): Extracted GC-MS chromatogram of 3α-hydroxy-ent-sandaracopimaradiene standard (3, 
authentic 3α-hydroxy-ent-sandaracopimaradiene, RT=17.91 min). 
(C): Extracted GC-MS chromatogram of 3α-hydroxy-ent-cassadiene standard (4, authentic 
3α-hydroxy-ent-cassadiene, RT=18.65 min). 
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Figure 9: Detection of oryzalexin E in induced rice tissue. 
(A): Extracted GC-MS chromatogram of fractionated induced rice leaf extract (1, RT=18.72 
min). 
(B): Extracted GC-MS chromatogram of oryzalexin E standard (2, authentic oryzalexin E, 
RT=18.72 min). 
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S1: 
1
H and 
13
C NMR assignments for 3-hydroxyl-ent-sandaracopimaradiene 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 38.78 
1.197(m), 1.774(Wendt 
and Schulz) 3.4, 13.2 
2 28.49 2H, 1.611(m)   
3 79.93 3.203(t) 7.9 
4 40.24     
5 55.77 1.066(dd) 2.1, 12.4 
6 23.63 1.375(m), 1.635(m)   
7 37.19 2.062(m), 2.344(m)   
8 138.29     
9 51.97 1.692(t) 7.8 
10 39.37     
11 20.03 1.561(m), 1.602(m)   
12 36.00 1.354(m), 1.461(m)   
13 38.65     
14 130.06 5.225(s)   
15 150.24 5.750(s)  10.6 
16 110.80 4.856(d), 4.884(d) 10.6; 17.7 
17 26.65 1.036(s)   
18 16.60 0.817(s)   
19 29.24 0.994(s)   
20 15.72 0.830(s)   
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S2: 
1
H and 
13
C NMR assignments for 3-hydroxyl-ent-cassa-12,15-diene 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 38.83 
0.1.116(Wendt and 
Schulz), 1.682(m) 4.7, 12.6 
2 28.19 1.593(m), 2.031(m)   
3 79.93 3.180(t) 8 
4 40.11     
5 56.29 0.890(m)   
6 22.70 1.424(m), 1.675(m)   
7 32.35 1.421(m), 1.689(m)   
8 36.63 1.546(m)   
9 45.68 1.304(m)   
10 38.05     
11 26.39 1.952(dq), 2.110(dq) 3.6, 9.6; 4.4, 7.7 
12 129.31 5.575(t) 3.9 
13 143.36     
14 33.32 2.404(m)   
15 140.16 6.201(q) 10.5 
16 109.84 4.860(d), 5.055(d) 10.5; 17.6 
17 15.03 0.907(s)   
18 16.64 0.818(s)   
19 29.09 0.994(s)   
20 14.51 0.856(s)   
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S3: 
1
H and 
13
C NMR assignments for 3-hydroxyl-ent-kaurene 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 40.19 
0.906(m), 1.871(Wendt 
and Schulz)  2.0, 13.0 
2 28.12 1.585(m), 1.650(m)   
3 79.88 
3.122(Wendt and 
Schulz) 3.5, 11.6 
4 40.08     
5 56.84 0.776(m)   
6 21.15 1.411(m), 1.590(m)   
7 42.57 1.511(m), 1.520(m)   
8 45.35     
9 57.53 1.047(m)   
10 40.37     
11 19.44 1.598(m), 1.664(m)   
12 34.49 1.477(m), 1.671(m)   
13 45.44 2.606(s)   
14 40.88 1.096(m), 2.028(m)   
15 50.26 2H, 2.047(s)    
16 156.97     
17 103.80 4.721(s), 4.784(s)   
18 16.39 0.767(s)   
19 29.12 0.955(s)   
20 18.36 1.056(s)   
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S4: 
1
H and 
13
C NMR assignments for 3,7-hydroxy-ent-sandaracopimaradiene 
(oryzalexin E) 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 31.52 1.434(m), 1.795(m)  3.3, 13.0 
2 28.19 1.146(m), 1.607(m)   
3 79.67 3.199(t) 7.7 
4 40.07     
5 45.85 
1.910(Wendt and 
Schulz)   
6 23.38 1.385(m), 1.574(m)   
7 33.34 2.095(d), 2.427(m) 14.0 
8 138.47     
9 75.92     
10 42.88     
11 28.00 
1.532(m), 1.936(Wendt 
and Schulz) 3.3, 14.0 
12 32.60 
1.381(m), 1.709(Wendt 
and Schulz) 3.0, 13.5 
13 39.10     
14 132.79 5.283(s)   
15 150.06 5.814(q) 10.7 
16 110.84 4.891(d), 4.976(d) 10.7; 17.5 
17 24.31 1.033(s)   
18 16.50 0.833(s)   
19 29.45 1.012(s)   
20 18.88 0.935(s)   
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Chapter VI: Functional identification of CYP71Z6&7 in biosynthesis of 
diterpenoid phytoalexins in rice 
ABSTRACT 
           Diterpenoid phytoalexins are important anti-microbial substances in rice; their 
biosynthetic pathways have not been clarified completely. P450s have been suggested to be 
involved in downstream elaboration of diterpenoid phytoalexins. Two gene clusters consisted 
of diterpene synthase genes and P450 genes have been investigated, most P450s in which 
have been identified biochemically except two P450s (CYP71Z6&7)  in chromosome 2 gene 
cluster. We carried out functional identification of CYP71Z6&7 and found that they reacted 
with ent-isokaurene and ent-cassadiene to form hydroxylated products respectively, which 
suggested their involvement in biosynthesis of oryzalide and phytocassane. Structure 
identification of these two new diterpenoids would be carried out in the future.  
INTRODUCTION 
           Rice produces diterpenoid phytoalexins in response to pathogen infection or abiotic 
elicitation (Peters 2006). Biosynthesis of these important diterpenoid antibiotics have been 
identified partially and could be separated to upstream and downstream pathways (Figure 1). 
The upstream biosynthetic pathway initiates from cyclization of universal diterpenoid 
precursor GGPP catalyzed by class II diterpene synthase CPS to form two kinds of CPP (ent- 
and syn-CPP) (Prisic et al. 2004; Xu et al. 2004), followed by further cyclization of CPP 
catalyzed by class I diterpene synthase OsKSL to produce diterpene olefins (Cho et al. 2004; 
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Nemoto et al. 2004; Wilderman et al. 2004; Morrone et al. 2006; Xu et al. 2007). Diterpene 
olefins don’t have antimicrobial activity and need to be elaborated in downstream pathway 
where oxygen is inserted by P450s or other oxygenases to form bioactive diterpenoid 
phytoalexins. Two gene clusters have been reported to be involved in biosynthesis of 
diterpenoid phytoalexins in rice, both of which consisted of diterpene synthase genes and 
P450 genes (Figure 2). Most of P450s in these gene clusters have been identified in literature 
or this thesis (Shimura et al. 2007; Swaminathan et al. 2009; Wang et al. 2010a; Wang et al. 
2010b; Wang et al. 2010c); however, two P450s in chromosome 2 gene cluster, CYP71Z6&7 
have not been characterized functionally. This chromosome 2 gene cluster is complicated 
gene unit and consists of one class II diterpene synthase gene (OsCPS2), three class I 
diterpene synthase genes (OsKSL5, 6&7) and four CYP76M subfamily genes besides 
CYP71Z6&7, with unclear evolutionary mechanism (Figure 2). 
           We expressed CYP71Z6&7 through microbial metabolic engineering and found that 
they exhibited same activities to catalyze hydroxylation of ent-isokaurene and ent-cassadiene, 
both of which are enzymatic products of diterpene synthase (OsKSL6&7) in the complicated 
chromosome 2 gene cluster. Structure identification of these two new diterpenoids would 
characterize functions of CYP71Z6&7 in diterpenoid phytoalexins biosynthesis and help to 
explore the evolutionary mechanism of chromosome 2 gene cluster. 
RESULTS 
Functional Identification of CYP71Z6&7 
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           We have analyzed functions of CYP76M5-8 in chromosome 2 gene cluster 
(Swaminathan et al. 2009; Wang et al. 2010c), but functions of CYP71Z6&7 have not been 
identified. We used the same strategy to express CYP71Z6&7 in E.coli through metabolic 
engineering. However, no catalytic activity was observed with any tested ditepenes for 
CYP71Z6&7. Nor was activity detected with N-terminal modified native CYP71Z6&7, with 
co-expression with OsCPR1 in E.coli as described before (Swaminathan et al. 2009). 
           Codon optimization has been reported to increase expression efficiency of P450s 
(Chang et al. 2007). Our lab also has successful experiences on plant P450s expression in 
E.coli with codon optimization (Wang et al. 2010a). We recoded the full sequences of 
CYP71Z6&7 with codon usage for E.coli expression. The full length and N-terminal 
modified rCYP71Z6&7 were tested for catalytic activities using our bacterial metabolic 
engineering system. N-terminal modified rCYP71Z6&7 exhibited same hydroxylation 
activity against two diterpenes (ent-isokaurene, ent-cassadiene) with reasonable conversion 
of diterpene olefin to hydroxyl diterpenoid (MW=288 Da) based on GC-MS analysis (Figure 
3, 4). No significant difference was observed for ratio of diterpene/diterpenoid when 
CYP71Z6&7 reacted with same diterpene. No activity was observed for full length 
rCYP71Z6&7. Purification and structure identification of these two alcohol diterpenoids are 
ongoing. 
DISCUSSION  
Function of CYP71Z6&7 
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           We have identified that ent-cassadiene can be hydroxylated by CYP76M7&8 and 
CYP701A8 at C11 or C3 respectively (Swaminathan et al. 2009; Wang et al. 2010b; Wang et 
al. 2010c), which produced two intermediates of phytocassane biosynthesis because of 
universality of C11 and C3 oxy moieties. Bioactive phytocassanes also have oxidative 
modification at C1 or C2 besides C11 and C3, which might be carried out by P450s. 
CYP71Z6&7 are located in chromosome 2 gene cluster and reacted with ent-cassadiene to 
form an alcohol diterpenoid, which could be C1 or C2 hydroxylated ent-cassadiene. 
Additionally, we found the new activity of CYP76M6 for catalysis of oryzalexin E from 
C3α-hydroxy-ent-sandaracopimaradiene besides its C7β hydroxylation of ent-
sandaracopimaradiene (Wang et al. 2010b). Thus, we suggest that CYP71Z6&7 also could be 
involved in later oxidative steps of phytocassane to catalyze the C1 or C2 hydroxylation of 
some intermediates in phytocassane biosynthesis (Figure 5).   
           CYP71Z6&7 also reacted with ent-isokaurene, the enzymatic product of OsKSL6 and 
putative precursor of oryzalide, to produce an alcohol diterpenoid. Although we have found 
that CYP76M8 catalyzed C7α hydroxylation of ent-isokaurene (Wang et al. 2010c), which is 
not relevant to oryzalide biosynthesis because of no C7 modification found for any oryzalide 
members. This chromosome 2 gene cluster is a complicated gene unit related to diterpenoid 
phytoalexin biosynthesis, in which all genes could be clustered under evolutionary pressure 
for pathogen defense. Structure identification of the hydroxylated diterpenoid of 
CYP71Z6&7 from ent-isokaurene would help to clarify whether they are involved in 
oryzalide biosynthesis. 
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           In summary, CYP71Z6&7 might be involved in phytocassane and oryzalide 
biosynthesis because of their co-clustering with OsKSL6&7 and hydroxylation against ent-
cassadiene and ent-isokaurene. We need to identify structures of these two alcohol 
diterpenoids and investigate physiological functions of CYP71Z6&7. 
METHODS 
General procedure 
           Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Gene mapping was based on the annotated rice genome sequence at 
GenBank. CYP nomenclature was determined via BLAST searches at the Cytochrome P450 
Homepage maintained by Dr. David Nelson 
(http://drnelson.utmem.edu/CytochromeP450.html). Gas chromatography (GC) was 
performed as before (Swaminathan et al. 2009), using a Varian (Palo Alto, CA) 3900 GC 
with Saturn 2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode. 
Samples (1 µL) were injected in splitless mode at 50°C and, after holding for 3 min. at 50°C, 
the oven temperature was raised at a rate of 14°C/min. to 300°C, where it was held for an 
additional 3 min. MS data from 90 to 600 m/z were collected starting 12 min. after injection 
until the end of the run.  
 
Recombinant constructs 
           CYP71Z6&7 were obtained from the KOME rice cDNA databank (Kikuchi et al. 
2003) and transferred into the Gateway vector pENTR/SD/D-TOPO. N-terminal 
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modification of these two genes was performed for functional bacterial expression as before 
(Swaminathan et al. 2009), first removing 32 codons from the 5' end of the open reading 
frame and then adding ten new codons (encoding the amino acid sequence 
“MAKKTSSKGK”). The full length and N-terminal modified genes were recombined into 
pCDF Duet DEST vector containing a rice CPR (OsCPR1) at the second multiple cloning 
site from pENTR/SD/D-TOPO constructs respectively as described (Swaminathan et al. 
2009). Both of CYP71Z6&7 were completely recoded to optimize codon usage for E. coli 
expression via gene synthesis (Genscript) and got the same N-terminal modification as native 
gene for bacterial expression. 
 
Recombinant expression of CYP71Z6&7 
           All native and recoded CYP71Z6&7 and N-terminal modified variants were 
recombinantly expressed in E. coli using our previously described modular diterpene 
metabolic engineering system (Cyr et al. 2007). Specifically, P450s were co-expressed with 
rice NADPH dependent cytochrome P450 reductase (OsCPR1) as co-expression constructs 
described above, with a GGPP synthase and CPS carried on co-compatible pGGxC vectors, 
and KSL expressed from the additionally co-compatible pDEST14 or pDEST15 (i.e., for 
expression as a fusion to GST). 50 mL expression cultures were extracted by equal volume 
hexane, and then organic extracts were dried under N2 gas beam and redissolved in 0.5mL 
hexane for analysis by GC-MS.  
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FIGURE 
Figure 1: Functional map of rice diterpenoid biosynthesis 
 
Figure 2: Schematic of rice diterpenoid biosynthetic gene cluster. 
Black boxes represent genes induced by chitin elicitation, while white boxes represent those 
not induced, with the arrowheads representing the direction of transcription. Note that no 
other genes appear to be present in these regions. 
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Figure 3: Hydroxylation of ent-isokaurene by CYP71Z6.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-
isokaurene and co-expressing rCYP71Z6 and rice CPR1 (1, ent-isokaurene; 2, hydroxylated 
ent-isokaurene).  
 (B): Mass spectra for peak 2. 
 
Figure 4: Hydroxylation of ent-cassadiene by CYP71Z7.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of ent-
cassadiene and co-expressing rCYP71Z7 and rice CPR1 (1, ent-cassadiene; 2, hydroxylated 
ent-cassadiene).  
 (B): Mass spectra for peak 2. 
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Figure 5: Hypothetic biosynthetic pathway of phytocassanes 
Solid arrows represent identified reactions, while dotted arrows represent hypothetical 
reactions. 
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Chapter VII: Exploration of potential P450s involved in later oxidative 
steps of momilactone biosynthesis 
ABSTRACT 
           Momilactone A&B are important antimicrobial substances in rice, whose biosynthesis 
needs P450s to oxidize the diterpene olefin precursor, syn-pimaradiene. CYP99A3 has been 
identified to catalyze the formation of C19 carboxylic acid of syn-pimaradiene, which is 
required for formation of the core 19, 6-γ-lactone ring of momilactone as well as C6β-
hydroxy-syn-pimaradiene produced by CYP76M8. CYP701A8 reacted with syn-pimaradiene 
to form trace amount alcohol diterpenoid, which could be C3 hydroxylated intermediate. Co-
expression of CYP701A8 and CYP76M8 through metabolic engineering producing syn-
pimaradiene formed a new diterpenoid with double hydroxylation. CYP99A3 was co-
expressed with CYP701A8 through metabolic engineering produced a hydroxylated 
carboxylic acid derivative of syn-pimaradiene. Both of two new diterpenoids could be 
intermediates of momilactone biosynthesis but their chemical structures need to be identified 
by NMR in the future. 
INTRODUCTION 
           Rice produces many diterpenoid phytoalexins in response to pathogen infection 
including momilactone A&B (Cartwright et al. 1981) that not only were detected in aerial 
part of rice but also exuded from root (Toyomasu et al. 2008). Momilactone B also exhibited 
allelopathic activity to inhibit weeds growth (Kato-Noguchi et al. 2002). Biosynthesis of 
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momilactone has been identified partially and related to one gene cluster on chromosome 4 in 
rice (Shimura et al. 2007). This chromosome 4 gene cluster consists of two diterpene 
synthase genes (OsCPS4 and OsKSL4), two P450 genes (CYP99A2&3) and a short chain 
dehydrogenase gene. OsCPS4 cyclizes GGPP to produce syn-CPP (Xu et al. 2004), which is 
further cyclized and rearranged to form syn-pimaradiene (Wilderman et al. 2004), direct 
precursor of momilactone (Wickham and West 1992). We have identified that CYP99A3 
catalyzed the oxidation of syn-pimaradiene at C19 to form syn-pimaradien-19-oic acid, which 
was detected in inducible rice tissue and might be intermediate of momilactone biosynthesis, 
as carboxylic acid at C19 is required for formation of 19, 6-γ-lactone ring of momilactone 
(Wang et al. 2010a). Furthermore, CYP76M8 in another gene cluster on chromosome 2 in 
rice has been observed to carry out C6β hydroxylation of syn-pimaradiene, which also could 
be involved in formation of 19, 6-γ-lactone ring of momilactone (Wang et al. 2010c). 
Additionally, CYP701A8 was observed to react with syn-pimaradiene to form trace amount 
hydroxylated diterpenoid, which could be C3 hydroxylated product because of the C3 
hydroxylation of CYP701A8 against other three ditepene olefins (Wang et al. 2010b). All of 
these results implicated that momilactone might have complicated metabolic grids for their 
biosynthesis, which may need functional enzymes with flexible substrate selectivity to 
catalyze reciprocal reactions in different grids. We have used feeding experiment and 
metabolic engineering to identify production of oryzalexin E (Wang et al. 2010b). Same 
strategy could be used to characterize further oxidative steps of momilactone biosynthesis 
and produce metabolic intermediates. 
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           We co-expressed CYP701A8 with CYP76M8 or CYP99A3 through metabolic 
engineering system and detected two new diterpenoids, which might be intermediates of 
momilactone biosynthesis and need to be identified by NMR in the future. 
RESULTS 
Co-expression of CYP701A8 and CYP76M8 
           CYP76M8 catalyzed the C6β hydroxylation of syn-pimaradiene, which could be 
intermediate of momilactone biosynthesis (Wang et al. 2010c). We also detected trace 
amount alcohol diterpenoid produced by rCYP701A8 using syn-pimaradiene as substrate, 
which might be C3 hydroxyl product. However, we didn’t detect any product from 
rCYP701A8 while using C6β-hydroxy-syn-pimaradiene as substrate through feeding 
experiment. Therefore, we co-expressed CYP76M8 with rCYP701A8 through our modular 
metabolic engineering following the procedure of two P450s expression as described before. 
One new diterpenoid (MW=304) was detected from organic extract of culture expressing 
CYP76M8 and rCYP701A8 (Figure 1). Trimethylsilyl (TMS) derivative of this diterpeniod 
has 448 Da MW, which suggested two hydroxyl groups on this compound.  
Co-expression of CYP701A8 and CYP99A3 
           CYP99A3 has been identified to catalyze the C19 oxidation of syn-pimaradiene to 
form the syn-pimaradien-19-oic acid, which is the key intermediate for formation of 19, 6-γ-
lactone ring of momilactone (Wang et al. 2010a). We used the same strategy to co-express 
rCYP99A3 and rCYP701A8 as above, and then a product with 332 Da MW was detected by 
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GC-MS after methylation (Figure 2), which could be the methyl ester of diterpenoid 
carboxylic acid with another hydroxyl group.  
DISCUSSION 
Identification of Intermediates of Momilactone Biosynthesis 
           C6 hydroxyl group and C19 carboxylic acid moiety are required for C19, 6-γ-lactone 
ring formation, which is the core structure of momilactone. We have identified that 
CYP76M8 catalyzed C6β hydroxylation of syn-pimaradiene (Wang et al. 2010c), as well as 
C19 oxidation catalyzed by CYP99A3 (Wang et al. 2010a). Additionally, We have detected 
C6β-hydroxy-syn-pimaradiene and syn-pimaradien-19-oic acid in induced rice tissue, which 
implicated multiple biosynthetic pathways of momilactone (Wang et al. 2010a; Wang et al. 
2010c). Furthermore, oxidation at C3 and C20 are also important for momilactone 
biosynthesis (Figure 3). Co-expression of CYP701A8 and CYP76M8 produced a diol 
diterpenoid, which could be modified syn-pimaradiene with double hydroxylation at C3 and 
C6. Another diterpenoid was produce by co-expression of CYP701A8 with CYP99A3, which 
might be C3-hydroxy-syn-pimaradien-19-oic acid. The structure identification of these two 
products needs to be done for clarifying these putative intermediates of momilactone 
biosynthesis. The catalytic order of these P450s also would be decided by knock out analysis 
and in vitro catalytic investigation. 
METHODS 
General procedure 
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           Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). Gene mapping was based on the annotated rice genome sequence at 
GenBank. CYP nomenclature was determined via BLAST searches at the Cytochrome P450 
Homepage maintained by Dr. David Nelson 
(http://drnelson.utmem.edu/CytochromeP450.html). Gas chromatography (GC) was 
performed as before (Swaminathan et al. 2009), using a Varian (Palo Alto, CA) 3900 GC 
with Saturn 2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode. 
Samples (1 µL) were injected in splitless mode at 50°C and, after holding for 3 min. at 50°C, 
the oven temperature was raised at a rate of 14°C/min. to 300°C, where it was held for an 
additional 3 min. MS data from 90 to 600 m/z were collected starting 12 min. after injection 
until the end of the run. Compounds containing carboxylic acid group were methylated by 
diazomethane to corresponding methyl ester derivatives for GC-MS analysis. 
 
Co-expression of two P450s 
           We recombined OsKSL4 into pCDF Duet DEST vector containing a rice CPR 
(OsCPR1) as described before (Swaminathan et al. 2009). P450s were cloned into pET Duet 
DEST vector for recombinant expression in E.coli as described before (Wang et al. 2010b). 
Firstly, CYP76M8 or rCYP99A3 was inserted at the second multiple cloning site of pET 
Duet DEST vector using the NdeI and XhoI restriction sites. Then rCYP701A8 was 
recombined into the first multiple cloning site of pET Duet DEST constructs containing 
CYP76M8 or rCYP99A3 from pENTR/SD/D-TOPO. Following our metabolic engineering 
procedure, the pCDF Duet construct containing OsKSL4 and OsCPR1 was co-expressed in E. 
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coli C41 cells with pET Duet construct containing rCYP701A8 with CYP76M8 or 
rCYP99A3 and pGGsC carrying a GGPP synthase and syn-CPP synthase. Enzymatic 
products were extracted from cultures by mixture of ethyl acetate and hexane with equal ratio 
(1:1) and analyzed by GC-MS. 
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FIGURE 
Figure 1: Co-expression of CYP76M8 with CYP701A8 through metabolic engineering.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of syn-
pimaradiene and co-expressingCYP76M8, rCYP701A8 and rice CPR1 (1, syn-pimaradiene; 
2, 6β-hydroxy-syn-pimaradiene; 3, new diterpenoid with unknown structure).  
 (B): Mass spectra for peak 3. 
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Figure 2: Co-expression of CYP99A3 with CYP701A8 through metabolic engineering.  
(A): GC-MS chromatogram of extract from E. coli engineered for production of syn-
pimaradiene and co-expressing rCYP99A3, rCYP701A8 and rice CPR1 (1, syn-pimaradiene; 
2, syn-pimaradien-19-al; 3, methyl ester of syn-pimaradien-19-oic acid; 4, syn-pimaradien-
19-ol; 5, new diterpenoid with unknown structure).  
(B): Mass spectra for peak 5. 
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Figure 3: Hypothetic biosynthetic pathway of momilactone A and B 
Solid arrows represent identified reactions, while dotted arrows represent hypothetical 
reactions. 
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Chapter VIII: Conclusion and future direction 
           In this thesis, biosynthesis of rice diterpenoid phytoalexins was investigated and 
focused on the downstream pathway from diterpene olefins to bioactive diterpenoids. 
Diterpenoid phytoalexins need oxidative moieties for their bioactivities, which have been 
suggested to be inserted into diterpene olefins by P450s (Kato et al. 1995). Because rice has 
over 350 P450 genes, it would be too laborious to be impossible to test the functions of all 
these P450s in diterpenoid phytoalexins biosynthesis, which results in the necessity to choose 
the appropriate candidate gene to be research targets. Although plant genes are considered to  
randomly distribute in genomes, functional gene clusters have been found to have operon-
like features (physical clustering and co-regulation) in a few plant species (Frey et al. 1997; 
Qi et al. 2004; Field and Osbourn 2008). Investigation of genes in these plant gene clusters 
has identified that co-clustered genes were involved in same metabolic pathway. Rice 
genome sequence has been identified and two gene clusters were found to be located on 
chromosome 2 and 4 (Shimura et al. 2007; Swaminathan et al. 2009). Both gene clusters 
consist of diterpene synthase genes and P450 genes with co-regulation, P450s in which are 
prior candidates for characterization of downstream pathway of diterpenoid phytoalexins 
biosynthesis, as previous work suggested that P450s (CYP99A2&3) in chromosome 4 gene 
cluster might be involved in momilactone biosynthesis (Shimura et al. 2007). Another 
tandem gene repeats was reported to be related to GA metabolism on chromosome 6, in 
which two P450 genes exhibited inducible expression in response to elicitation and could be 
involved in defense reactions (Itoh et al. 2004). These rice gene clusters and tandem gene 
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unit are good sources for choosing the candidate genes to identify the downstream pathway 
of diterpenoid phytoalexins biosynthesis. 
           Ten P450 genes were chosen from gene clusters and incorporated into our modular 
metabolic engineering system for biochemical identification. CYP99A2&3 are co-clustered 
with OsCPS4 and OsKSL4 in chromosome 4 gene cluster and suggested to be involved in 
momilactone biosynthesis in literature (Shimura et al. 2007). In order to identify the 
biochemical activity, CYP99A2&3 were co-expressed with rice CPR respectively and 
incorporated into metabolic engineering culture producing syn-pimaradiene.  While native 
genes didn’t exhibited any activity, synthetic rCYP99A3 catalyzed three sequential oxidation 
reactions of syn-pimaradiene at C19 to form syn-pimaradien-19-oic acid, which was detected 
in inducible rice tissue and might be intermediate of momilactone biosynthesis, as C19 
carboxylic acid moiety is required to form the core 19, 6--lactone ring structure. Besides 
syn-pimaradiene, rCYP99A3 also reacted with syn-stemodene to form three sequential 
diterpenoids with C19 oxidation. Although rCYP99A2 only exhibited very weak activity 
against syn-pimaradiene, which could react with other intermediates and be involved in later 
metabolic pathway of momilactone biosynthesis (Wang et al. 2010a). 
           CYP76M5, 6, 7&8 and CYP71Z6&7 are co-clustered with other four diterpene 
synthase genes in chromosome 2 gene cluster. CYP76M subfamily genes were observed to 
catalyze hydroxylation of diterpene olefins with redundant functions. The interesting 
activities of the CYP76M subfamily genes are C11α and C7β hydroxylation of ent-
cassadiene and ent-sandaracopimaradiene catalyzed by CYP76M7&8 and CYP76M5, 6&8 
respectively, as C11 carbonyl and C7 hydroxyl moieties are universal in phytocassane A-E 
181 
 
 
and oryzalexin A-D. CYP76M8 also catalyzed the C6β hydroxylation of syn-pimaradiene, 
which is another required moiety for formation of the core 19, 6--lactone ring of 
momilactone. Flexible substrate selectivity was observed for CYP76M8, which catalyzed 
hydroxylation of ent-pimaradiene, ent-isokaurene and ent-kaurene besides those diterpenes 
above. CYP76M6 also has multiple functions to carry out hydroxylation of syn-stemodene as 
well as ent-sandaracopimaradiene. The biochemical identification of CYP76M subfamily 
also helped to clarify the complicated evolutionary mechanism within this chromosome 2 
gene cluster. All these four CYP76M genes evolved by gene duplication and followed 
redundant sub- (CYP76M5, 7) and/or neo-funcationalization (CYP76M6) (Swaminathan et al. 
2009; Wang et al. 2010c). Additionally, CYP71Z6&7 also reacted with ent-cassadiene and 
ent-isokaurene to produce hydroxylated diterpenoids, whose structures have not been 
identified and could be intermediates of phytocassane or oryzalide. 
           CYP701A8&9 are co-clustered and originated from same ancestral gene with rice 
kuarene oxidase (OsKO) gene in tandem gene cluster on chromosome 6, but they evolved 
new functions. We found that CYP701A8 catalyzed the C3α hydroxylation of ent-cassadiene 
and ent-sandaracopimaradiene but no activity found for CYP701A9. Both of C3α-hydroxy-
ent-cassadiene and C3α-hydroxy-ent-sandaracopimaradiene were detected in inducible rice 
tissue and could be intermediates of phytocassane A-E and oryzalexin A-F, as the 
universality of C3 oxy moieties (Wang et al. 2010b). This tandem gene cluster is tightly 
related to GA biosynthesis, which might limit the migration of CYP701A8 to form functional 
gene cluster with other diterpene synthase genes. 
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           Our results indicated that these diterpenoid phytoalexins have multiple biosynthetic 
pathways, which might initiate from oxidation of diterpene olefins at different positions and 
be followed by further elaboration catalyzed by P450s or other oxygenases. Momilactone 
biosynthesis might start from oxidation of syn-pimaradiene at C19 or C6, and then formation 
of 19, 6--lactone ring followed by other elaboration (Wang et al. 2010a; Wang et al. 2010c) 
(Figure 1). As all phytocassanes contain C11 and C3 oxy moieties, the precursor ent-
cassadiene could be oxidized at C11 or C3 by CYP76M7&8 or CYP701A8 and get 
hydroxylation reciprocally to produce a diol diterpenoid intermediate, which would be 
modified to yield bioactive phytocassane (Wang et al. 2010b; Wang et al. 2010c) (Figure 2). 
All oryzalexin A-F have C3 oxy moiety and four of six members (oryzalexin A-D) need 
oxidative modification at C7. Oryzalexin could be derived from ent-sandaracopimaradiene 
initiating from C7 or C3 hydroxylation catalyzed by CYP76M5, 6&8 or CYP701A8 (Wang 
et al. 2010b; Wang et al. 2010c). C7β- or C3α-hydroxy-ent-sandaracopimaradiene could be 
converted to oryzalexin D by reciprocal hydroxylation, which would be elaborated to 
produce oryzalexin A-C. C3α-hydroxy-ent-sandaracopimaradiene also would be converted to 
oryzalexin E and F by another hydroxylation at C9 or C19. All of these later oxidative steps 
need to be identified in the future (Figure 3). 
           Identification of these P450s made it possible to produce sufficient hydroxylated 
diterpenoid intermediates, including C3α-hydroxy-ent-sandaracopimaradiene, which was fed 
into bacterial culture expressing CYP76M6 and oryzalexin E was detected by GC-MS (Wang 
et al. 2010b). Co-expression of CYP76M6 with CYP701A8 in metabolic engineering with 
production of ent-sandaracopimaradiene was carried out to produce sufficient oryzalexin E 
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for NMR analysis. These results provided direct evidence that CYP76M6 catalyze the C9β 
hydroxylation of C3α-hydroxy-ent-sandaracopimaradiene to form oryzalexin E (Figure 3), 
which is consistent with literature (Kato et al. 1995) and indicates the flexible substrate 
selectivity and catalytic activity of CYP76M6, as it was observed to carry out C7β 
hydroxylation of ent-sandaracopimaradiene (Wang et al. 2010c). Identification of oryzalexin 
E formation encouraged the test of other co-expression combination of P450s through 
metabolic engineering. Co-expression of CYP76M8 and CYP701A8 produced a double 
hydroxylated diterpenoid from syn-pimaradiene. A modified syn-pimaradiene with 
carboxylic acid moiety and hydroxyl group also was detected when co-expressing 
CYP701A8 and CYP99A3. These two products might be intermediates of momilactone 
biosynthesis and need to be identified in the future. Furthermore, all genes identified here are 
located in gene cluster or tandem gene unit, but biosynthesis of these diterpenoid 
phytoalexins need more functional genes distributing randomly in rice genome, which would 
be a challenge to identify them. 
           Most of these diterpenoid phytoalexins have similar anti-fungal activities with 
exception of anti-bacterial oryzalide but are divided to different groups based on respective 
diterpene olefin precursors, which gives rise to a question why rice developed so many 
different biosynthetic pathways to produce these similar anti-microbial substances. These 
biosynthetic pathways of diterpenoid phytoalexins could originate simultaneously or develop 
gradually with adaptation to different environments, which would be investigated by 
molecular phylogenetic analysis of biosynthetic genes among different rice breeds and other 
cereal species. These diterpenoid phytoalexins are only found in rice except recent report 
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about momilactone accumulation in moss (Nozaki et al. 2007), which makes rice and these 
compounds more interesting. Although anti-microbial activities of these diterpenoid 
phytoalexins have been determined to inhibit growth of rice blast pathogens (Cartwright et al. 
1981; Akatsuka et al. 1985; Umemura et al. 2003; Kono et al. 2004), more investigation need 
to be done for identification of their bioactivities against other rice specific or non-specific 
pathogens. Knock out rice line of respective OsKSL could be analyzed to identify the 
specific roles of different groups of diterpenoid phytoalexins. Additionally, synergistic 
activity also needs to be studied among these diterpenoid phytoalexins. Many potential 
intermediates of diterpenoid phytoalexins were also detected in rice with unknown 
bioactivities in literature or this thesis (Kato et al. 1995; Atawong et al. 2002); they might be 
real intermediates or dead products, which could be determined by C
13
 labeling metabolic 
flux analysis.  
           Gene clusters studied in this thesis exhibited complicated evolutionary mechanism, 
which was indicated by complicated gene components with different functions and 
evolutionary origination. Our investigation implicated that those genes might be driven by 
the need for inheritance of complete biosynthetic pathways to form gene cluster, which 
resulted in a question about the evolution and inheritance of other non-clustered biosynthetic 
genes. Some metabolic pathways in plant could share one or a few functional enzymes 
(Pichersky and Gang 2000), which results in their successful inheritance and stable function 
evolution; same situation is also found in rice diterpenoid phytoalexin biosynthesis. For 
example, CYP701A8 might be shared by biosynthetic pathways of phytocassane and 
oryzalexin, which carried out the C3α hydroxylation of ent-cassadiene and ent-
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sandaracopimaradiene, intermediates of phytocassane and oryzalexin. CYP701A8 is a 
kaurene oxidase homolog and not co-clustered with other diterpene synthase genes, but its 
genomic migration is limited by tight linkage with GA biosynthesis, which also might result 
in co-inheritance and avoid function degeneration. Additionally, chromosome 2 and 4 gene 
clusters only contain part of biosynthetic genes of diterpenoid phytoalexins although all class 
II and most of class I diterpene synthase genes are clustered, which resulted in a question 
why other biosynthetic genes are not co-clustered besides the example of CYP701A8 as 
above. OsKSL10, producing ent-sandaracopimaradien, is not co-clustered as other class I and 
class II diterpene synthase, but P450s involved in oryzalexin biosynthesis are co-clustered in 
chromosome 2 gene cluster. OsKSL8 catalyzes the formation of syn-stemorene, precursor of 
oryzalexin S, and are not clustered either. As mentioned above, diterpenoid phytoalexins 
might share some metabolic pathways with other metabolites, then genes encoding enzymes 
catalyzing these shared pathways might not form gene cluster. A lot of secondary metabolites 
are produced in plant, but only a few biosynthetic gene clusters were identified. Most of 
genes involved in plant secondary metabolism randomly distribute in plant genome and don’t 
form gene cluster. Thus, the evolutionary mechanism of gene cluster and other non-clustered 
genes remain unclear and could be characterized by identification of more gene clusters and 
gene evolution in plant secondary metabolism. 
           Finally, dehydrogenase has been reported to catalyze formation of carbonyl moiety 
from hydroxyl group in momilactone biosynthesis (Shimura et al. 2007). Other diterpenoid 
phytoalexins also have carbonyl or aldehyde moieties, which could be oxidized from 
hydroxyl group by dehydrogenase. P450s identified in this thesis are also good candidates for 
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mutagenesis, which could explore the evolutionary process of gene duplication and 
diversification, also provide engineered enzymes for synthetic biology. Additionally, some 
diterpene olefins also were isolated from maize seedling in response to fungal infection but 
didn’t display anti-fungal activity (Mellon and West 1979), which implicated production of 
diterpenoid phytoalexins  in maize and deserved to investigate further.   
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FIGURE 
Figure 1: Hypothetic biosynthetic pathway of momilactone A and B 
Solid arrows represent identified reactions, while dotted arrows represent hypothetical 
reactions. 
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Figure 2: Hypothetic biosynthetic pathway of phytocassanes 
Solid arrows represent identified reactions, while dotted arrows represent hypothetical 
reactions. 
 
Figure 3: Hypothetic biosynthetic pathway of oryzalexins 
Solid arrows represent identified reactions, while dotted arrows represent hypothetical 
reactions. 
 
 
